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RESPONSE OF MAJOR SOIL DECOMPOSERS TO LANDSLIDE 
DISTURBANCE IN A PUERTO RlCAN RAINFOREST 

Yiqins Li', Honcjhua Ruan*, Xiaornins Zou3, and Randall W. Mrster4 

I To understand the relationship between soil biota and soil disturbance, 
1 we sampled an upper and a lower transect within each of two landslides 

and their adjoining forests, during both the wet and dry season in Puerto 
I Rico. We found that the distribution of earthworms and soil microbes 

(e.g., fungi and bacteria) showed considerable spatial difference in these 
tropical landslides. We also found that endogenic earthworms (Poittoscolcx 

I corethrlrrus) occurred in all habitats (upper landslide 9.5 2 4 No. m-2, 
lower landslide 43.8 2 11 No. m-2, upper forest 35.7 t 8 No. m-2, and 

I 

lower forest 30.5 f 14 No. m-'), but anecic earthworms (An~yrt thas  roderi- 
censis) were only found in the undisturbed forests (3 .4  5 0.6  No. m-9). 
Total bacterial and fungal biomasses were significantly higher in the 
forests than in the landslides. Active bacterial and fungal biomasses were 
significantly higher in the lower landslide area than in the upper landslide 
area. For all sampled soil parameters there was a dominance of microsite 
variation within landslides compared with seasonal changes or differences 
between landslides and adjacent forests. Earthworm density and biomass 
correlated positively with leaf litter, light-carbon fraction, and total bac- 
teria and negatively with fine roots, suggesting that earthworm abun- 
dance and composition in landslides were regulated by carbon pools. 
Earthworm abundance and community structure as well as active and to- 
tal fungal and bacterial biomass may reflect soil disturbance history and 
soil development processes over geological time in the Puerto Rican 
rainforest. (Soil Science 2005;170:202-211)  

Key words: Earthworms, tropical landslides, soil organic carbon, trop- 
ical forests, fungal biomass, bacterial biomass. 

T ROPICAL forest ecosystelnc have i~~crensingl:l\: 
excited thc interests of ecologists not o ~ ~ l y  be- 

cause of the high biodiversity of tllese ecosystems 
but also becausc of the significal~t influe~lces of 
tropical forests to slobal clinlate change. O n  a 
global scale, thc size of the tropical forest sink for 
CO, is subject to con<tant change as a result of an- 

'Department O' Ecolosy, Evolution, and Natural Eesourcer, Ru~geir Univerr~b, N e w  

Brunrw~cC NJ. Departmen1 ol Ecology, Evolution, and Natural Qesource,, Qutgers 

Univeri~ty, 14 Collese Frrm Road, N e w  Bruniwick, NJ 08901-8551 E-mail 

yiqingliG?c:rra rutgerr.edu 

2 F a ~ ~ l ~  o f  Forest Resourcer ana the Enviranmtnt, Nanilng Forer~ry Univeir,ty, 

Nanling, Chins 

3Di. Zou  IS c a r r e i p a q d ~ ~ ~  author X ~ r b v a ~ h s ~ n a  Trop~cal Boianlcal Garden, 

Kunming, Yunnan, Chma, and Inrii~ute lor Troplca' Ecosystem Studlei Unverrity of 

Puerto R~co, San Juan, PR. 

'Department ol Biology, ~nlve.r,t, 01 Cencrsl Oklahoma, Edmond, OK. 

Received June 23,2004; accepted October 14,2004. 

DO1 10 1097101.rs OG00160028.15308.3c 

thropogenic and llatural disturba~lces to t!~.:.;? 
forests (Davidson and Ackerman, 1993; Guo J:IJ 
G~fford, 2002; Malhi et al.. 1999). The qua~ltific;l- 
tion of the effects of tropical forests on the gloi-:il 
cli~ilate cl1311ge is well depelldeilt on the conlprc-- 
Ilensivr u~lderstallding of the responses of the tiny- 

ical forest ecosystell~s to changes in disturLxll:~ 
rcgimes (Schlesinger, 1990). Lalldslides are a co:?l- 
mon and recurrent natural disturbance, triggel-ed 
by natural hrces (e.g., heavy I-ains and e n r t h q ~ ~ ~ ~ k r )  
or associated with human activities ( e . ~ . ,  road ~ 0 1 1 -  

struction), in mountainous 1-egioils in wet tl.opli5 
(Lal-ten nnd Torres-Sinchez, 1995; Scatella : I ) L ~  

Lugo, 199.5;Wlker et al., 1996). For example, t-!tlr- 
rical~r Hugo triggered Inore tllan 400 landsli~i~': lil 

northeactcrn Puerto Rico in 1989 (Scatell;! ~ ; l d  

Larsen, 1991). H~lman activities accelerate l a r ~ t i ~ ~ i ~ J ~  
occurrences in thc tropics. One allalysls on c l l ~  
landrlides in the Luquillo Experimental Filr~sc 
found nmre than 13;lIf of the landtlides be~~-?c1 '  



11.;04 and 1989 \vcre rod-rebted, \vhere,ls the C o ~ i s e c ~ ~ ~ u ~ t l y .  to understand the relationship 
Ililiislides associated with road constructio~~ ac- bet\vcen landslide disturb'~nces 2nd soil decom- 
~o1~11ted  for only ?%I of a11 lc~~~dslides bcfore 1964 poser c o ~ n ~ n ~ ~ n i t i e s ,  we chose two l~~indslides in 
(Gunriguar;~ aild Larsen, 1990). I'ucrto Rico o t  siniilar topography, age. size; sur- 

Landslides have important landscape and rou~lding forest co~~ipo$it iou,  climate, and pv-ent 
<iosystem-wide effects on 11ut1-ient availabil~ty by ni,lterial 2nd salnpled enrth\\:ol-n~s, fungi, bacte- 
exposing nutrient-bearing weatherable saprolite ria, and soil factors. such as <oil pH. soil moisture, 
(011 the upper landsli~le) aiid transporting/redis- ,111il soil orgailic carboll (SOC),  to address these 
tributing nlatctrial and iluti-ieilts (011 the lower cluestions: What arc the dife îerences between up- 
lL~~~dsIide:  My3ter et al., 1997; Swanson et al., per and lower landslides and bec\vecil lallcislide 
1983). Landslides then set up a spatial soil se- and forest in tile wet :lnd dry seasons 1) for earth- 
clue~ice (upper la~ldsl~de -+ lo\ver landslide + Lvorm del~sicy, biomass, and species co~llpositionl 
.icIjjaceilt rainforest) that may reflect the geologic '2) for fullgal 2nd bacterial bio~uass? . i ~ ~ d  3) for soil 
ceinporal soil developnlental sequence in the pH,  moisture, light carbon fi-action, total carbon, 
tropical rainforests. Landslides create llem mi- ground-litter, a11d root bio~i~ass? 
srosites wit11 illcreased light and I-edistributed 
plant and soil organic matter on \vhich the soil MATElilALS AN11 METHOLX 
und litter deco~nposer biota feed. Although 1:lild- 
slides are very common and one of the most se- Sti~tiy Site, 

vere natural disturbances in the tropics, the stud- The study site is the Lucluillo Experimental 
ies on lalldslides ~llostly focused on landslide Forest of riortheastern l'uerto llico ( I  8" 30'N, 63" 
dictributio~l (Larsen and Tori-es-Slnchez, 1998), 13'W). The Luquillo Esperinlental Forest is the 
the factors triggering laildslides (G~ar igu~l ta ,  tropical long-tern1 ecologicd research site of the 
1990), nutrient availability (Scatena, 3001 ; Wilckc National Scieilce Foundation (Waide 2nd Lugo, 
et al., 2003) and plant successions (Mystsr et al., 199?), consisting of subtropical wet forest charac- 
1997; Walker et al., 1996), and there is little ill- terized by tabonuco ( D a c ~ ~ ~ o d a  exrelsa), ausubo 
formation on soil decomposers, such as earth- 
worins, fungi, 2nd bacteria, 011 tropic;11 landslides. 

Soil orcganisnls are critical to \oil processes and 
nurrient cycles because they inlprove soil proper- . - 

ties, accelerate deco~uposition of soil organic mat- 
ter (Colen~;un ~ i ~ d  CI-ossley, 1090) a11d b~lffer nutri- 
ent fluxes koni ~11c external environment (Lugo 
and Scztcn,~, 1995). Within the soil biota, earth- 
worms 111ay be particularly Important because they 
1) are d o ~ n ~ n a t e  aninlals In the rainforest (38'&', of 
the arll~l~al bionlass [I12 kg ha] in the Purrto lii- 
c;u~ rai~lforest, the most of any aninial group; O d u ~ n  
and Pigeon, 1970), 3) are often positively correlated 
with productivity (Lavele, 198X), and 3) atTect soil 
organic nlatter turnover, nutrient availability, soil 
structure, water ~nfiltmt~on, 2nd aeration (Edlvards 
and Bohltn, 1993, Lee, 1985; LIU and ZOLI 2002). 
M~ci-oorg~ilisnis probablv arc the m:~in agents I-e- 
sponsible for toil humus forlliatio~l in the tropics. 
Bacteria, although they are snlall in size, are eape- 
cially PI-o~lunent in soils because of the~r  large 
numbers. The  ~llicroblal biomass \~ i t h in  the dc- 
composing litter of forest <oils is PI-edominantly 
fungal, and fungi are prob:lbly tile n~ajor  agcilts of 
deconlposition in ;dl ;~cidic environments ('Fi,licr 
and Binkley. 2000) Bacteria and fii~lgi p l q  a 1n:Yol- 
role in the de~yadation of vast alllount of forest lit- - 
ter, roots, aninla1 tissue, and cells of other IIIICI-oor- 
~anisnls in the wet tl-opical forests. 

(i)[aniikflra bi~fent~ltn), and luotilo (S/onilea /le:terinrzn) 
belo~v 600 111, palo colorado (Cjirilla ri~ci:in!jJi)i?~) and 
pal111 (Prestoen iilor~h~za) between 600 and 830 111, 
and cloud forest above 850 111 (Ewe1 J I I ~  Whitnlore, 
1973). Two landslides (ESI and ES2) ~ n d  their ad- 

j;~cc~nt foi-est i~licl.osites iF1 and F2) were selcctcd 
for this study. Both sn~dy la~~dslides (ESI; ES3) ~ i - c  
located in the R i o  Espiriti~ Srl.nto watershed of clie 
Tabonuco fore$t and are of'si~llllar age ((6 year, and 
5 years, respectively), area (33 00 111?, 1330 1112), elc- 
vation (both 370 m;, ailci rlopc (22", 30": klyster and 
Wnlkel-, 1997; Vii~llker arid Ncris, 1993). Like all 
landslides in the tl-o~ics. these 1:111dslides have rock 
and bare soil (\vith lose soil pl-ofile) p;itches in tlle 
upper portion of the la~ltislides llnd both plant and 
soil debris deposition i r ~  the laver portion of the 
la~ldslides (Mystel- ,ind Schaefcr, 21103). Common 
plrullt species occurring 011 the l:~ndslides include 
the fcl-11 Cy~1t11oa L ~ r / ~ u ~ . c ~ ~  a11d G\ciciri~iia /$dL1 111 the 
upper XI-ca and trees C. sc/~re/reria~~il, .\/liconia :.~CCIIIOXLI, 

I. vei.uland i\>psei.~ aac~ltc~~ 111 the lon~er arzn (klystei-, 
2002). The  site were chal-acterized by a wet tropi- 
cal climate w ~ t h  me:un annual precipitaciou of3920 . . 

r nn~  aiid mean annual ail- tc~llperature of 2.2.3 "C 
(Lugo: 1992). 711e tenlperature Ivas llliid and stabie, 
~vitll uiurnnl and seasonal telllpt.~.atui-e ranges of 
3-1 "C. l'reciu~t-~rion shows a se:ltonal \rari;ltion. 
with a dry smsoll fron~ J,III~II); to Ma1-ch ,~nd a \vet 

season fi-0111 May to Scpre~nbel- (Fig. I) .  . 



soil was dried in an oven at 31) "C and ground with 
We ectablished nvo [I-ausects (25 111) ~n each 

1.undslide (ES) and itc adjaceilt forect (F) in June of 
1994, one in the upper landslide area (10 111 &om 
the top slip-hcej and the other (lo\ver landslide 
area) 50 ni fiom the top (Fig. 2). Eight 0.3 X 0.3- 
in plots vrere randomly assigned on each transect, 
four in the landslide and four in the surrounding 
forest. Ground litter bio~liass $%:as collected fi-om 
rach plot. The gi-ound litter was sorted into leaflit- 
tel- and \~;ood littel- by hand. The  upper 23 till of 
the soil \vas removed, and eal-thworms in the soil 
wei-e hand-sorted and stored in a cooler (Zou, 
1993). All the roots (live plus dead) fiom each pit 
were separated 6-om soil 1,). \\-ashiilg in the field, 
stored 111 plastic bags, and bl-ought to the laboratoiy. 
Finally, two cores of soils ,lt a depth of 23 cm for 
meaeiiri:lg soil pH, soil ~l~oisture, illicrobial bio-- 
mass, and S O C  were taken, using a PVC pipe (4.3 
crn in diametel-) outside the left 1owe1- corner of 
each plot. 'hese t ~ v o  soil cores were mixed, put 
into a labelcd zip-bag, and stored 111 a coolel- before 
taking to the laboratory. All plots were srunpled in 
June of 1994 (wet season) and again in January of 
1995 (dl? reason). The sa~npled items included root 
hionlass, ground litter, soil samples for measuring 
nlicl-obial biomass, soil moisture, soil pH,  and SOC. 

Soil nloisture content5 were de te r~ l i~ led  by 
oven-drying 10 g of fi-esh soil sampled at 105 "C 
for 48 11. Soil p H  1x3s ~lleasured with a Calomel 
electrode on a paste of 1:1 ratio of fiesh soil and 
deionized water. The soil samples (I 00 g) used for 
de te r~ l i~ l ing  C: in light &action and total C were 
\vet-sieved through a 2-nl111 sieve, 2nd ctones and 
1-oots greater than 0.3 mm I-oots were picked out. 
The nxasui-ement of C in light firaction kvas con- 
ducted by using a de~xity separation technique 
(Sollions et al., 1984). A 10-g subsanlple iron1 each 

a mortar and pestle. A 0.13-g subsample 60111 the 
dried io i l~  n7as analyzed for total C (Synder and 
Trofimo\v, 1984). A 1 -g ~ubsample fi-0111 the dl-led 
soil5 Tvas put into a beakel- \\rich-20 I I ~ L  of  sodium 
polytunstate, adjusted to a density of 1.83 g c111-~. 
The subsan~ples were sonicated for 1 min and then 
evacuated for 10 min at - 186 K oa to 1-el1iove en- 
trapped air fi-om the soil pore space. Aftel- sitting 
overnight at room temperature, the light carbon 
fraction \x-as renio~~ed by aspiration, trapped on a 
GF/A (Whatman Fiberglass) filter, and analyzed 
for organic C (Cambardella and Elliot. 1993). 

Biomass of active and total fungi was estimated 
by using the agar fill11 techniques (L,odge and 1112- 
harn, 1991). One  gram of wet soil m7as placed in 9 
IIIL of sterile tap water (1 /10 dilution) and shaken 
by hand hi- 5 mill. A ? / 100 dilution was prepared 
by transferring 1 n L  of the 1/10 dilution to 9 n1L 
of stcrilc diluent. One-milliliter aliquots iron1 each 
dilution (1 /10  and 1 /lo(]) were transferred to test 
tubes and stained for 3 nlin by adding 1 mL of flu- 
orescein diacetate in buffer. One  ~llllliliter of ii-esh 
illolten acar was then ill~xed with the stained soil 
suspension, and an aliquot was transferi-ed to the 
well of a coverslip well slide. Coverslip wells were 
prepared by taping two coverslips of kllo~vn thick- 
ness to a n-ucl-oscope slide appl-ox-iil~ately 1 CIII 

apart. A drop of agar suspension was placed on  the 
slide benarcen the two coverslips, and another co~r- 
erslip was inlmediately pressed down on the agar to 
produce a ill111 of known thickness. Active hyphal 
length \%,as estinlated on 6esh agar fill11 by using 
epifluorescent microscopy. The total length of hy- 
phae uras estimated on fiesh fil~lls by using phase 
contrast nlicl-oscopy. At least 20 fields were viewed 
along a vertical transect across the coverslip, and 
three transects urere scanned 011 each slide. The hy- 
phal length \\,as calculated by multiplyi~ig the 
i e ~ i g h  of l~yphae in one field by the nunlber of 
f~elds needed to equal 1 c111-' and then iiiultiply- 
ing by the dilution of soil in the agar s~~speneiol~ 

Top transect T\, 
Landslide 

2 0 5  ' I 
I -0 

Mar APl 148. J"" i" iiug s e y  OC, NO. "CC Jan Feb Mar AD, Ma) 
Bottom transect I I 

1994 1995 

Fig. 1. Monthly precipitation and temperature in the Fig. 2. Sampling strategy illustration on the two land- 
Luquillo Experimental Forest in 1994 and 1995. slides in the Luquillo Experimental Forest. 



(mL g-' soii). Biomasl of dctive and total bacterid 
was obtained by using fluorescein isothiocy , ulate 
tcchiliq~ies (Babiuk and l '~ul, 1970; Zou and 
Bashkin. 1998). Twenty gK1ills of soil sainples were 
placed into a Waring blender contaii-iing 190 n L  df 
scerile distilled water and shaken for 13 min by 
haild. Subsan~plrs \vex renloved for either plate 
cou~ltiilg or direct 1111~1-oscopy. Prepared soil smears 
were stained for 4 nlln ~vith fluorescein isothio- 
cynnate solution and then washed in 0.3 moli/L 
sodiu~ll carbonate buffer for 10 nlln and in 3'X 
sodium pyropl~osphate for 2 min. The smears were 
illounted in glycerol (pH 9.6) and observed with a 
~lllcroscope ecluipped with a illercury lamp dnd a 
barrier filter. The dispersed soil was &luted to a re- 
quired dilution 1V5 ,  and 10-"  g of soil 
mL-' water), and 0.1-nlL portio~ls were spread on 
the solidified agar. Five plates wel-e used for each di- 
lutioi~. These plates were incubated for 2 weeks nt 
3-1 "C before countirig the bacterial and actino- 
nlycete colonies. 

Ground litter (1e;lves and twigs < 3- nml) was 
placed in an oven at 60 OC for 96 ll.l<oot sanlples 
used for bion2ass deterilllilations were washed 

'lgain and scpar.~ted iiito two diailieter classes (>3 
in111 and < 3 111111), using tlie definition of fine root 
by Gower ( I  987). These mot saillples were placed 
in ail oven .lt 73 "C for I ~\ierk: afte:~vard, the dry 
bioillass w s  lveighted. Earth\vorm numbci- ac- 
counting dild species idelltificatioii were carrled 
out at the sanle d,ite as the field sa~llplillg occurred. 
Eartl~nnrnls were rlnsed, identified to species 
(Gonzalez et al., 1996; Zou aild Gonzalez, 1997), 
and weighted after drying with paper towels. We 
used Scheffb's multirange test for signiticant differ- 
ences in density and bionlass of earth~vorms and 
soil vari.tbles in landslides and their ~djacenc forests. 
To exailline any relationships between earth\vornls 
2nd the other Factors, we conlputed Pearson prod- 
uct-moment correlation coetficients (SAS, 1999). 

RESULTS AN11 DISCUSSION 

Both the density and the biom.~sr of earth- 
worllls in the upper landslide areas were signiti- 
cancly (I) 5 0.05) lower than in the lower land- 
slide areas and in the upper a ~ i d  the lower areas of 

~ a !  Landslide 
[ Z Z ~  Forest - Forest 

b 

ES2-F2 

o@ Forest 

a 

Upper site Lower site Upper site Lower slte 

Fig. 3. Mean value (standard deviation) of  earthworm density and biomass in landslides (ESI and ES2) and adja- 
cent forests (F1 and F2). Common letters within each topograph~cal location (upper and lower site) indicate no 
significant difference between the landsl~de and the forest ( a  = 0.05) by Scheffe's multiple range test. Means were 
averaged from the wet season and the dry season ( n  = 8). LF: soil organic carbon in light fraction. 
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TABLE 1 

Density (No. m-') and biomari (S in-?) of eal-th\vorm 
P, i~~i.rtiir?irris in landslides aiid fo!r\r.; In dl-y and \vrt cr.lsons 

Dens in  (No. 1x1-'1 Uiomasc (p m-') 

Upper ES 9.5 (4) c 1 .8 (0.7) c 
Lower ES 43.8 (1 1) a 9.9 13.5) a 
Upper F 35.7 (Hj b 6.4 (1.5) nb 
Lower F 30. J 11 4) b 6.1 12.4) b 

Common lettrrs within a column indicate 110 s~g~~ific:inr 
difference ( P  = 0.05) by Schet&'r multiple range test iri = 8) 

their adjacent forests in ESI-F1 and ES2-F2 
study sites (Fig. 3). The  density and biomass of 
earthworms did not significantly ( P  0.05) dif- 
fer between the lower landslide areas and adjacent 
forests with the onlv exception in FS1 -F1 site. 

Because the density and bionlass of earth- 
wornls pelfornled the sanle patterns in the diy and 
wet seasons, we illustrated the  results in the total by 
averaging the two ~ites in the wet and dry seasons 
(Table 1). We found that the density of the soil 
feeding endogenic earthworn1 species P. coretflr~/r~r.c 
in the lower landslide areas was significantly higher 
than in the upper landslide areas, in the upper for- 
est areas, and in the lower forest areas. Earthworm 
bioinass of P. c o l ~ t h w n ~ s  also showed significantly 
higher levels in the lower landslide areas than in up- 
per landslide areas, in the upper forest areas, and in 
the low-er forest areas. Earthmorills of the litter 
feeding anecic species A .  rodericeizsis were not found 
in the landslides. The density of A.  rodericerisis was 
significantly greater in the lower forest areas (8 2 
-3.5 No.  in-') than in the upper forest areas (2.5 2 
1.3 N0.m-') by averaging the two sites and the wet 
and the diy season. 

Earthwornx play a critical role in the processe? 
of soil development and fertility because of then 
burl-owlng and casting activity and the burial of or- 

ganic material?, which eilhailce h~imus formation 
and differentlation of soil profiles (Feller et al., 
2003). "Uthough soil lnicroorganisl~~s are the pri- 
mary agenn of decomposition, breaking down 
plant and aninla1 residues into useable nutrieiltc for 
plants and other soil organisms, earthworins espe- 
cially contribute to the breakup of larger plant or- 
ganic lllatter by their feeding activities. In this study. 
earthmornl abundance wac lower in upper landslide 
areas than in lower landslide areas and ~1ndistu1-bed 
forests, suggestii7g that earthworn1 density may re- 
late to plant and soil organic matter quantity in the 
disturbed soils. Our  I-esult that anecic earth\vorms 
were absent in landslide areas where the level$ of 
$1-ound litter mass and soil C were low and the 
ground litter (mostly ferns. grasses, and pioneer 
sprcies) xvas diffei-rnt f;-c\m tllr fqrects quggests that 
earthworm species distribution could be regulated 
by litter quantity and/or qualin. A litter reilloval 
experiinent ill the same forest showed a decrease in 
anecic earthworm 6-esh weight \ ~ i t h i n  6 lllonths 
(Gonzalez and Zou. 1999). Anllual litterfall in the 
rainforest reaches 91 3 g m-' y-I (Zou et al., 1995), 
but is an order of magnitude lomer in ES2 (Mycter 
and Schaefer. 2003). Whereas both kinds of earth- 
\VOI-111s feed on soil organic matter, anecic earth- 
worms also feed on plant litter on the soil sulface. 
The difference 111 earthworm species behveen land- 
slide and forest (lack of ailecic earthwonns in land- 
slides) is likely due to the low cai-boil input 6-0111 
aboveground plant coillnlunities that was desti-oyed 
by the severe landslide distui-bance. 

I 
Micvo bin1 Biotiznss 

Microbial biomass also sho\ved significant dif- 
fel-ences between the upper and lower areas of the 
landslides and between the landslides and their ad- 
jacent forests in both ES1 -Fl and ES2-F2 study sites 
(Table 2). Total f~ingal biomasees in the forests were 

TABLE 2 

Mean microhial bioiliass (rtandxd dev-lacion) in landslides (ESI .xnd ES2) and adjacent f61-ects (F1 and  F7) 

Active fungi Total fungi .4cri\c bacteria Tot;xl bncter~a 
Sites 

(iixg ka-' soil) (mg kg-I soil) ( n ~ g  kg-lsoil) (nig kg- '  coil) 

ESI-FI 
Upper ESl 83 .9  (34.1) ab 8 . 5  ( 7 . 5 )  c 17.2 (7.1) .i 38.4 (1 1.8) b 
Lowel- ES1 69.8 (29.2) b 881 . J  (102.5)' k~ 9 ( 3 . 3  n 34.3 (4.1) b 
Upprl- F1 81.4 (27.5) nh I046 (390.5) a 1 9 .  1 .  '1 72.9 (26.1) a 

Lo\\gt.r F 1 I 1  ( 3 . 1  ) n 1124 (763.7) a 18.4 (.5.Q) .I 67.1 (11.0) s 

ES2-F2 
Upper ES2 32.6 (17.1) h 451.4 (124) c I .  (1 9 b 37.0 (13.7) c 
Lower ES2 55.4 (13.2) a 575.6 (154) b 31.3 (6.3) a 33.b (12.4) b 

Upper F2 61.4 (18.2) a 983.1 (208) n 16.6 (7.7) a 66.6 (20.5) ab 
Lowrr F2 55.3 (23.3) a 981 (179.4) a 18.7 (3.2) a 70.3 (16.2) a 

-- 

C o n ~ m o n  letters \\,irhin a cc~lumn in cach s i t ~  ir~dicatc n o  <iSnif~c,lnt difcrc11cc (a = (1.0.5) 1>y Schcfl?'s n~ultiple I-angc tcst (11 = 8). 
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sig~ificantly greater than in the la~ldslides in both 
the sites. There n7as also a signif~cnnt difference bc- - 
tween t!le lower laildslide areas and the upper land- 
slide ai-eas, with a higher value in the lower landslide 
areas. Active fungal biomass between landslides and 
forests and betweell thc upper landslide areas and 

A A 

the lower landslide areas were not as consistellt as 
the total funpl  bio~nass. Ho\vever, the value of ac- 
tive f~ingal bioillass in upper landslide alea was sic- 

A A 

~lificantly lower than the lo\1~er landslide area and 
the forests in ES2-F7. Total bacterial biomass \\ras 
significantly greater in the fol-est than in the land- 
slide in ESI-Fl , wvhei-eas it did not diflki- among the 
lolvel. landslide area and the forests in ES2-F2 site. 
Active bacterial biomass in the upper landslide ai-ea 
\?..as significantly lo\vei- than the lo\ver landslide 21-ea 
and the forests in ES2-F2, but there Ivas no difier- 
elice in ESl-Fl .We did not find clear seasonnl pat. 
terns of i~icrobial biomass in rhe two sites. 

Soil microorganisn~s were pal-titularly inlpor- 
tant to increasing soil fertility and acceleratiilg the 
revegetation pi-ocess in disturbed soils (Veblen. 
1989; %'alley et al., 3906). Higl~er  n~icrobial bio- 
mass in the lower areas than in the upper areas of 
the landslides suggests that landslide disturbance al- 
tered the conlposition of microbial biomass, as 
suggested by Sing11 et al. (2001) in a study of the 
disturbed soils in a tropical forest in Nepal Hi- 
malava. A number of -studies have sho&l that 
newly for~ned  landslides exhibit low soil nuti-ientc, 
absence of advance regeneration due to iinpover- 
ished seed bank, and possibly a lack of ~nycorrhizal 
inoculuin (Dalling and Tanner, 1905). Wilcke et al. 
(7003) reported that lower areas of landslides had 
zreater concentration of 111ost nutrients than those 
in the upper areas of landslides, based on a study of 
the landslides in montane 1-ainfol-est, Ecuador. O u r  
1-esu1t of lower inicrobial bionlass in the upper 

* A  

landslides suggests that nlicrobial biomass mig11t 
closely relate to carbon and nutrient availabilin-. 
The  result that total f~lngal bioillass was higher in 
the lower landslide areas? where earth~\:orms \Tiere 
X!SO ab~ildant ,  SLiggests that earthworms ma): PI-e- 
fer feeding 011 other decaying 01-zanic sub~tances 
to feeding on fi~ngi in disrurbed soils. 

Soil Pio,t~er.fic.c 

The upper landslide areas in both ESl-F1 and 
ES2-F2 srudy sites in the two seasons llad signifi- 
c'111t lo1~7el- \rlues in total SOC:: C in light fi-action, 
ground leaf litter, ~ r o u n d  \\rood litter, roots grcatei- 
than 3 nml, and roots greater than 5 17x11 (Table 3). 
Sol1 pH in the upper landslide 21-ear did not show 
patterils silnilal- to the ocher variables escept in ES2 
in \vet season, xvith a significant Io\ver \ d u e  tllai? 

[he lower landslide area and the upper and the 
lower arcas of the forest. Soil nloisrure in the upper 
laildslide :Ireas in both ESI-F1 and ES3-F2 in the 
wet season \\.as significantly greater than in the 
forests.The lo\ver laildslide areas did not differ iron1 
the forests in total SOC,  with the only exception in 
ES2-F2 in the dry season; whereas the C ill l is l~t  
&action in rhe lower landslide areas \vas signifi- 
cantly smaller than the upper and the lower areas of 
the forests (Table 3). The  root bioillass greater than 
5 11~11 in the lower landslide areas \\;as sitrnificantlv 
lo~vei- than the foi-ests but did not differ fi-on1 the 
uppel- la~ldclide a]-eas ill both ESI -F1 and ES2-F2 
study sites. Soil inoisture in the lower landslide ar- 
eas in ESI-F1 and ES2-F2 in the \vet season \vas 
significantly greater than the forests, whereas the 
soil p H  did not differ ti-onl the upper landslide ar- 
c::~ ;c3 the $0:-::st: excey  i s  th: ES?.-F2 i, dl-, J ses- - 

son, lvith a significantly greater value than the up- 
L?er l~ndslide area$ and the forest 

The disruption of soil-plant systems caused by 
landslides in the ti-onics resulted in loss of suface soil 
orgailic nlatter and decline in the concentration of 
avail~ble n~itrients (Sing11 et a]., 3001). Our res~ilts 
of soil pl-ope]-ties within a landslide and between 
the landslides and the forests suqgest that landslides 

L.., 

exhibit a stroilg envii-onn~eiltal heterogeneity in 
tropical zoiles. O u r  f i ~ ~ d i n g  o n  SOC in the land- 
slides and the adjacent forests is consistent with the 
some other ob~ervations Dalliilg and Tanner 
(1995),Walley et al., (1996),Singh et al., (2001),and 
Wilcke et al. (2003) that S O C  and/or nutrients are 
generally highel- in the adjacent forests than the 
landslides and also 11igher in the lower areas than in 
the upper 21-ens of the landslides 

Both the densitv and biomass of earthwornls of 
the two species lreie positively and sig~ificantly 
con-elated with total SOC, ground leaf litter, 2nd 
total bacteria in the landslides and the foi-ests in 
ES1 -F1 and ES2-F2 with a few exceptioi~s,wl~ei-eas 
no cori-elations were found between the earth- 
worms (in both density and biomass) and soil pH,  
soil moisture, and total f~ingal bionlass (Table 4). 
Negative correlations \were observed between the 
earth\w?ol-m (in density and bionlass) of P, rorcrl~riirrn 
and fine roots (<5 nlm) 111 the wet season. CarL3on 
in Iighr fiaition \\.as positively correlared with the 
delisit). and biomass of species .4. i.oderit:eilsi3 but did 
nor coi-rzlate with the density and bionlass of 
specie 1'. i ~ l . ~ f I l ~ ~ ~ i . i l ~ ,  1-e~ardless of season. 

O u r  results s11o~w:in~ a correlation bet\?;een 
rai-thwor~ns and che soil light carbon fi-action cou- 
pled \+.it11 past wsults rhat sho\x.ed a col-relation be- 
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TAHLE 4 

C o r r c l a t ~ o ~ ~  ccx i i i c~ r~ i t \  ic)r e a ~ - r I i \ ~ o l - ~ ~ ~ ~  .111d \oil bioc~c a i d  . I ~ I ~ C I C  \ . I I - ~ ; I ~ ~ c I  I I I  \\CC ;1nd dl-! \e:i\o11 (11 = 32) 

LF 'Tot;ll SOC Ground 1c:li < 5  111111 1-c)ot Tcxil ~ ~ . I I I ~ I  T(>r.lI b;~crei-i;~ 
p H  Si\?I (%,) 

(% C: kS-l so~ l )  I )  I t  ( 1 1 )  (y in-') [ill: kg-[) ( I I I ~  k3-I) 

,-I. ~?)ri[,ri~~ie$is 
Densir); -1.1 - i l .22 (l..;h' 0.2; 0.45' 0.36' -0.00 0.58t 
Biorn;~ss -0.02 -0.26 11.36" 0.22 11, j* 0.28 -0.i14 0.597 

Wet se.ison 
P. C - O I . ~ ~ / I ~ I I ~ I I S  
I len . i~n-  0.09 -0.1 0.24 0.47. 0.46' -0.48' 0.18 11.26 
Biomass 0.16 -0.27 0 2 8  0.41* 0 . 5 l t  --0.51' 0.08 0.34' 
A ,  roiieri<~rt,~ij 
llensiry - 1 . 1 1  -0.11 0.46' 0.43* 0.957 0.03 11.13 0.21 
Biorn:rss 0.1 -0.26 0.31. 0.47' 1).43' 0.02 0.~14 0..39* 

St~tistics ir1corpor3tr data 6-on1 both I.:lldslidc\ .lnd forests at both ioc,lcions. SM: mil n~ r~ i s t i i ~~e ,  LF: SOC iii light fi-:letion. Siy- 
~ ~ i f i c a r ~ t  level, ' 0.01 1 P 5 0.05; 5 0.01 

tween earth\vorm bionlnss and ainount of litter 
(Gonzalez alld ZOLI, I999), fine roots (Sanchez et 
nl., 2003), or S O C  levels (Zou and Bashkin, 1998) 
point to the potential importance oflandslide litter 
decoinposition and landslide soil carbon ~vai1,tbility. 
Mvster and Schaefer (2003) found in a ES2 litter 
decolllposition st~idy that organic marter declined 
to near SO'% levels ill 16 weeks with these siynifi- 
cant species differences found after 4 weeks (Abl\.lico- 
~ i i ( l  y. < Cecropia scl~reherin~n < Dac~)~~iies excc/i.cl). In 
addition, total soil c'1rbor1 levels (railginy fioi-oln 0.30 
to 7.1 1% of soil mass) were significantly snialler in 
the upper ES2 laildslidr plots con~pared wich lo.xer 
ES2 plots (Myster and Fernjndez, 1995). Indeed, 
the develop~llent of soil organic matter during 
landslide successioil may be the d o ~ ~ ~ i n a n t  process 
controhng nutrient availabiliry (Zarin and Johnson, 
1995) and, consequently, the results showing eurth- 
worm interactions with carbon nl;~); be 1-ef ecting 
generd processes of soil development and fertility. 
Further in the hulllid tropics, earthworn~s may have 
a predonlinant effect of regulation of soil organic 
matter (Lavelle et al., 1993). For example, eartli- 
wornls create structures, casts, and galleries, ~vhich 
modifi the circulcltion and accunlulation of water 
and gassa Sin solls that inay f~lrthei- ~ffect the cle- 
composition of soil organic matter 111 the long tern1 
(Tisdall and Oades, 1982). 

Barois 2nd Lavelle (1 986) reported th~lt 11% 

croorganisnls were stilnulated in tropical endogeic 
earthworm gut and casts due to the ~ddi t ion  of 
intestinal mucus. In this st~tdy, earthw\~orins (both 
in densitv 2nd bionlass) of the two species were 

highly correlated with total bacterial biomass. 
This finding might reflecr the strong interactions 
between eartllworills dnd bacteria in  the soil de- 
conlposition processes. To our surprise, we did 
not find any correlations betwveen earthwor~lls (in 
density and biomass) of the two species and the 
fungal biomass in both wet and dry seasons in this 
st~idy. This observatio~l I ~ J Y  indicate that bacteria 
play a illore inlportant role i l l  the interaction with 
earthworm activity than the fiingi in tlle 
Neotropical forcsts and landslides. 

The  comnlunity structure of earthworms also 
indic-;!rsd past disturbance history in this tropical 
w r t  fbrest.Anecic earth\vorms Lxre present only in 
the undisturbed areas of the Eorest 2nd were absent 
in landslide areas even 6 years afier disturbance. 
Howev-er: the iilvasive endogeic earthworn1 P. 
coret1n.rirris was a rapid colonizer in the disturbed 
landslides. Orher disturbance studies suggested that 
the recovery of anecic earth\vorrns in abandoned 
tropical pastures oiten took nlore than 20 years 
(Sanchez et d.; 2003; Zou and Gonzalez. 1997). 

C O N C L U S I O N S  

We s t ~ ~ d i e d  the laildslides only in the dry and 
the wet season within a year, and this limited ob- 
servation prevented us fi-0111 d m w i ~ ~ g  a general 
conclusion o n  b~ot ic  and abiotic cll~lngcs of trop- 
ical landslides. Ho~~rever ,  our finding that land- 
slides perforlned large spatial difference in earth- 
worln specles composit~on: density, biomass, and 
correl~tions with other b~ot ic  and abiotic tictors 



inlplies that landslide positions may illustrate dif- 
ferent stages o f  soil disturbance in tropics. Land- 
slides removed 111ost soil organic materials at :he 
upper  landslide and redeposit plant and soil or-  
ganic matter at the  lower landrlide, though solme 
residual organic matter fro111 plant pr imary pro- 
duct ion  before the landslide event would  be  in- 
corporated in to  soil subsui-face layers. This  results 
in  considerable differentiation in  the activities of 
earthworms and microbes n-ithin a landslide o r  
be tween landslide and forest ruggcst that  land- 
slides i n  tropics could  possibly b e  an indicator of 
toil develop~l lent  over geological time. 

This  study was supported by the  Luquillo 
Long-Term Ecological Research proyram o f  the 
U.S.  and National Science Foundation (DEB 
970581 4);  grants were also from the U.S. National 
Aeronautics and Space Ad~ninistration (NAGW7 
4059) to  the  Universiqi o f  lJuerto K i c o  and the 
International Institute o f  Tropical Forertry. 
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