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Summary

Tropical soil fertility is limited by low phosphorus (P) avdliéity, limited accumulation
of organic matter and by advanced stages of pedogenesis. Tearetesll-known soil-
engineers, which accumulate clay, organic matter and manyentgrinside their nests.
However, the differences between the effects of variousiterfeeding guilds on soil prop-
erties, the influence of termite activities on the properties genesis of surrounding soil,
and the persistence of the termite-induced changes in soilargey unknown. The aim
of the present work was, therefore, (i) to study the effect dédint termite feeding guilds
on P forms in termite nests across seven tropical ecosystems of,Biiama elucidate the
spatial and temporal effects of the termites dominant in Cerpadtures on P distribution
patterns and soil genesis, (iii) to use lignin, which is not dige$ty termites, as a tracer of
their influence on soil organic matter accumulation, and finéily to decipher the impact
of the Cerrado termites on nutrients in water drained frommiier mounds.

To achieve these objectives | characterized termite nestsransects of surrounding
soils by sequential P analyse8P NMR spectroscopy, and detection of the contents of
organic carbon (OC), nitrogen and lignin-derived phenolsie b the large sample size,
mid-infrared spectroscopy followed by partial least squaresessipn helped in screening
these solil properties for the first time also in the matrix of trosods.

The P contents were higher in nests and exceeded those of tbersdirrg soil by up
to 3650%. Especially the wood-feeding termites changed thaiahility to more labile
forms; whereas the soil/wood interface-feeder termites esdicliso mineral-bound P in
their nests. For th€ornitermes silvestriof the Cerrado, higher contents of labile soil P
were documented vertically down to 30 cm below the lower nestidrp and to a lateral
distance of 60 cm away from it. Similar patterns were found f@ &nd lignin, whereas
the enrichment and the spatial extension of those constituemts smealler below older,
secondarily inhabited mounds. Hence, the lignin was initiatgumulated in younger
mounds, but it was oxidized and decomposed in older nests. The volutnaining water
was reduced below both the younger and the older termite mdarmsmparison to the
soil, but five times lower dissolved organic carbon fluxes, andethtiraes higher nitrate
concentrations were only recorded under older mounds. Alseffaet of termites on the
physical composition of the soil was only significant below oldeunus. There, the argic
horizon disappeared, thus changing the soil type from Alisoés Acrisols to Umbrisols
or Regosaols.

In summary, my data show that wood-feeding termites of Brazil exdntire availability
of P, and that the termites of the Cerrado transport clay umvandl accumulate labile
P as well as lignin inside their mounds and the adjacent soil impewison to reference
soils. Such elevated contents are, to a lesser degree, also merdsedtav older mounds,
as are the changed soil types. Those changes in soil types confgrisesst long-lasting
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Summary

impact of the termites on the soil in the introduced pasture agosystem, as the upward
transport of clay inverts soil genesis.
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Zusammenfassung

Die Bodenfruchtbarkeit in den Tropen ist durch eine geringdiygbarkeit von Phosphor
(P), die fehlende Anreicherung von organischer Substanz ientbdgeschrittene Pedo-
genese eingeschrankt. Termiten sind als Boden-Ingenieurentttelcae Ton, organische
Substanz und viele Nahrstoffe in ihren Nestern anreichern.Ubierschiede zwischen
den Effekten von Termiten unterschiedlicher Nahrungsgildgémiadeneigenschaften sind
jedoch ebenso wenig bekannt wie die Beeinflussung von Eigerienhatid Genese des
nestumgebenden Bodens durch Termitenaktivitdten sowie dsesigrz der von Termiten
verursachten Veranderungen im Boden. Das Ziel der vorldgei\rbeit war es deshalb
(i) die Effekte von Termiten unterschiedlicher Nahrungsgil@ef P-Fraktionen in ihren
Nestern in sieben tropischen Okosystemen Brasiliens zu beschréibeie raumlichen
und zeitlichen Effekte von Termiten, welche in Weiden desr&ky dominieren, auf die
Verteilungsmuster von P und die Pedogenese zu verdeutlichig¢h,ignin, welches von
Termiten nicht verdaut wird, als Marker fur die Anreicherwan organischer Substanz
durch Termiten zu nutzen und schlie3lich (iv) den Einfluss demiten des Cerrados auf
Nahrstoffe in der Bodenlésung zu untersuchen.

Um diese Ziele zu erreichen, habe ich Termitennester und Trenskek angrenzen-
den Béden mit sequenzieller P-ExtraktiGhP-NMR-Spektroskopie, sowie den Gehalten
von organischem Kohlenstoff (OC), Stickstoff und ligninbgietn Phenolen charakterisiert.
Infrarot-Spektroskopie in Kombination mit dem PLS-Verfahtedf bei der Analyse die-
ser Bodeneigenschaften in dem grof3en Probensatz und wurdestemMal fir tropische
Boden angewendet.

Die P-Gehalte waren in Termitennestern teilweise bis zu 3650B&rals im nestum-
gebenden Boden. Insbesondere die holzfressenden Termitertesridgm Anteil leicht
verfugbarer P-Formen, wahrend geophage Termiten auch ngebraidenen P in ihren
Nestern anreicherten. Hohere Gehalte von leicht verfUghdevurden furCornitermes
silvestriiim Cerrado bis 30 cm unterhalb der unteren Nestgrenze undil@smer horizon-
talen Entfernung vom Nest von 60 cm nachgewiesen. AhnlichieeMengsmuster wurden
fur OC und Lignin dokumentiert, wobei die Gehalte und die rdan@d Ausdehnung aller
genannten Komponenten unter alten, sekundar bewohnten &anmegitern etwas geringer
waren. Das bedeutet, dass Lignin zwar in jungen Nestern anfgerewird, aber dass es
wéhrend der Nestalterung oxidiert und abgebaut wird. Dagriweh des Sickerwassers war
sowohl unter jungen als auch unter alten Nestern im Verglaioh Boden reduziert, aber
nur unter den alten Nestern wurden funfmal so niedrige Flisseealéstgn organischen
Kohlenstoffs und dreifach erhéhte Nitrat-Konzentratiorzeéchnet. Auch der Einfluss der
Termiten auf die Bodenstruktur war nur unter alten Nesternféigmit. Dort war kein argic-
Bodenhorizont vorhanden, was den Bodentyp von Alisols unisAls zu Umbrisols und
Regosols veranderte.
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Zusammenfassung

Insgesamt zeigen meine Daten, dass holzfressende Termiten aubedibenBrasiliens
die Verfugbarkeit von P erh6hen, und dass die Termiten desad®ifon aufwarts trans-
portieren, sowie verfiigbaren P und Lignin in ihren Nestern imméngrenzenden Boden
im Vergleich zum Referenzboden anreichern. Auf einem rgeden Level sind solche
erhohten Gehalte, genauso wie die geanderten Bodentypelm,uster élteren Nestern
feststellbar. Diese geanderten Bodentypen beinhalten dgfriktigsten Einfluss der Ter-
mitenaktivitat auf den Boden im neuentstandenen Weidelaadli@ aufwarts gerichtete
Tonverlagerung der Pedogenese entgegenlauft.
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Sumario

A fertilidade dos solos tropicais € limitada pela baixa dispitidiade de fésforo, a falta
de acumulacao de matéria organica, e por estados avancadadogémpese. Os térmitas
ou cupins sao bem-conhecidos 'engenheiros de ecossistemas’, andmalgila, matéria
organica e muitos nutrientes nos seus ninhos, os cupinzeirg&nPas diferencas entre os
efeitos de varias guildas alimentares de cupins sobre asgulages de solo, a influéncia
das atividades dos cupins na qualidade e génese do solo ddjacergrau de persisténcia
dos cambios observados, sédo fatores ndo muito bem conhecidoss®00 bbjetivo do
presente trabalho foi de (i) estudar o efeito de diferentelslggialimentares de cupins
sobre as formas de fosforo nos cupinzeiros em sete ecossistemaaisrojoi Brasil; (i)
elucidar os efeitos espaciais e temporais das espécies doesmanipastagens do cerrado
sobre padrdes de distribuicdo de fosforo e sobre a génese dos sploasaf a lignina,

a qual nao é digerida pelos cupins, como um indicador da infla&us cupins sobre a
acumulacdo da matéria organica do solo, e (iv) decifrar o implata@spécies de cerrado
sobre o0s nutrientes na agua drenada dos cupinzeiros.

Para alcancar estes objetivos, eu caracterizei ninhos descepransectos de solos ad-
jacentes atraves de analises sequenciais de fésforo, espepiadd®R usando o isétopo
31p, e deteccao dos contetidos de carbono, nitrogénio e ds fierdiados de lignina. Por
causa do grande niamero de amostras, espectroscopia das bandaslen@dftiagermelho,
seguida de regressao de least squares, ajudou em avaliar estédpags de solo pela
primeira vez também na matriz dos solos tropicais.

Os conteudos de fésforos nos ninhos foram elevados e exoederaos solos adja-
centes em até 3650%. Particularmente os cupins xil6fagosramdadisponibilidade de
fésforo para formas mais instaveis; enquanto que os cupins quienemtm na interface
do solo com a madeira enriqueceram nos seus ninhos também fagimo & minerais.
ParaCornitermes silvestrido cerrado, conteidos mais altos de fosforo labil foram docu-
mentados até uma profundidade de 30 cm abaixo da margem indesatupinzeiros, e
numa distancia horizontal de até 60cm do ninho. Padrbes sigilaram encontrados
para carbono organico e lignina, mas o enriquecimento e as&dasspacial destes cons-
tituentes foram menores abaixo de ninhos mais velhos, habisgtundariamente. Por
isso, a lignina inicialmente se acumulou em ninhos mais jovens, eceateou oxidada e
decomposta em ninhos envelhecidos. O volume de agua drenadaxend®ainhos no-
vos e velhos foi menor que no solo, mas fluxos de carbono orgéisealvldo cinco vezes
menores e concentracdes de nitrato tres vezes menores foramtisaiservados abaixo
de ninhos velhos. Também, o efeito dos cupins sobre a composigacguo solo foi
mais significativo abaixo de ninhos velhos. Nestes, o horizogiemdesapareceu, assim
mudando o tipo de solo de Alisols e Acrisols para Umbrisols e Regosols.
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Somando, meus dados mostram que os cupins xiléfagos aumentarm@ildigfade de
fésforo e que os cupins do cerrado transportam argila para caoaneulam fosforo labil e
lignina dentro dos seus ninhos e no solo adjacente. Tanto estesidos elevados quanto
a modificacao do tipo de solo foram também persistentes em cupisesivelhecidos, po-
rém num nivel inferior. Estas mudancas no tipo de solo apresentaapacto das térmitas
mais duradouro nos solos da pastagem, que € um agro-ecossisteazidtpporque o
transporte da argila para cima inverte a génese dos solos.
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Chapter 1

General introduction

1.1 Termites as soil animals

1.1.1 Soil animals

Since the nineteenth century the relevance of soil animalsdibidevelopment has been
increasingly recognized. Charles Darwin was one of the firgtetecribe the effects of
animals on soil. In his book “The formation of vegetable mouldotigh the action of
worms, with observations on their habits” (Darwin, 1881) he waked the masses trans-
ported by earthworm activities, and he stated that the “g¢ineraf the humus-acids is
probably hastened during the digestion of the many half-detckaves” (Darwin, 1881,
p. 309). In conclusion he points out that the ground was exctyl prepared for plants by
earthworms.

At the beginning of the 20th century, the relevance of soilreais was also recognized
by Russian soil scientists like Vasily Vasili'evich Dokuchaev ansl $students Nikolali
Mikhailovich Sibirtsev and Konstantin Dmitrievich Glinka. &in studies on Russian soils,
especially on chernozems, resulted in the formula for soil formdtiélinka, 1914; 1927,
Marbut, 1927; Afanasiev, 1927):

P=1f(k @g,v)

whereP equals to soil or soil property (Russipnchvg, which is a function ok (climate,
Russ. klimat), ¢ (organisms, Russorganisn), g (subsoil, Russgornaya porodaandv
(age, Russvosras). More famous is the formula for soil formation of Hans Jenny (1941
1994), who supplemented topography in his equation of soil fooma

s=f(cl,o,r,p,t,--*)

wheres is soil or soil property; and! (climate), o (organisms) (topography),p (par-
ent material), and (time) are the independent variables or soil-forming factorgh e
inclusion of the dots to represent other potential variablesyle model became the fun-
damental equation for describing soil-forming factors. Thus, &oiinals as part of the
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soil organisms were recognized as important components of tharsbas a soil forming
factor since the beginning of soil science.

Five years after Charles Darwin’s book, Henry Drummond wrageelssay about the
“termite as the tropical analogue of the earth-worm” (Drummdi&86). From then on,
besides earthworms, termites were also characterized as impsoiaforming animals.
Nevertheless, studies about the effects of termites were less aotharostudies about the
effect of earthworms on soils in the following years. This is dastmated by the fact that
the next publications about the influence of termites on sodisevin the nineteen-thirties
(Burr, 1931; Cohen, 1933; Holdaway, 1933; Griffith, 1938;rkéty, 1938).

1.1.2 Nesting strategies and feeding habits of termites

Before termite effects on soils (Section 1.1.3) are summarizedhave to understand
nesting strategies and feeding habits of termites. Eggletoh €&1996) as also Bignell
& Eggleton (2000) introduced a classification of four nestingugs. i) “Wood nesting”
termites that live in dead wood of standing trees or logs. ii)b@eal nests” are built
on trees. Both nesting structures are commonly built of cartoichwtonsists of chewed
wood and saliva. iii) “Epigeal mounds” are well-defined abovedungd nests; they are built
with a high percentage of soil material and variable portidraaton. Those epigeal nests
are often called mounds. The collected soil material is cementedsaliva and with feces
rich in organic material. iv) Termites with “hypogeal nestinggive their colony center
below the ground, in some cases a complete nest structure is aeéingble, and in other
cases the nest structure is poorly delineated. Many termitdgsonésting group are also
inquilines, which live in epigeal mounds of other species togetvith the mound-building
colony or after their dying.

As reflected by different nest types, termites have variableriatl food sources. Wood
(1978) listed living vegetation, fresh and dead vegetatienpthposing vegetation, humus,
fungi, and other special food. That list induced efforts tassify termites into different
feeding groups. A general applicable classification coversfeeders, soil/wood inter-
face feeders, wood-feeders (xylophagous), litter forageessgfeeders and minor feeding
groups like lichen-feeders (Bignell & Eggleton, 2000).ISand soil/wood interface feeder
termites are sometimes combined; they can be called humivorowesophggous termites
(Martius, 1994a). Also litter-harvester and grass-feeders aretsmes aggregated; this
group includes termites which grow fungi on collected organaterial and feed on the fun-
gus. The recent classification made by Donovan et al. (2001) gobtlye termite species
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according to the humification of their feeding substrate. Loweod-feeding termitées
are arranged in “Group 1”; lichen-, grass-, litter-, and wdedeer termites in “Group II”;
soil/wood interface feeders in a crude generalization inot@rlll”; and true soil-feeders
in “Group 1V”. This well-founded classification will be used iragts of my work, but in
the text, the more popular terms like wood-feeder or grass-feeitidoe used.

1.1.3 Effects of termites on soils

Termites perform several activities that qualify them as saiieeers. They collect organic
material as food source and for nest construction, transporttheo nest, and alter it
during digestion. For the transportation, they build gadieiinto the soil and also on the
soils surface. Quite often the galleries are covered by termitde sheetings. The termite
species with epigeal and hypogeal nests have direct influemseits through their nest
building activities. Apart from their food, they transporbinganic material to their nest
for construction purposes. Thus, organic and inorganic matearal concentrated in their
nesting area and its compositions are altered by termite aesivihough, effects of non-
nest-building termites on soil properties are still largely mmkn until today.Due to the
different feeding and nesting habits differences between #hactivities and effects of
termite species exist, but differences between feeding gudidand their effects on soil
properties are poorly studied.

Known effects of termites on soil properties, driven by the &mentioned termite
activities, will be introduced in the following section. Thailding of galleries and nests
has different effects on physical soil properties. In gengjalleries and foraging holes
enhance the porosity of the soil (Elkins et al., 1986; Basappafadgdbpal, 1990; Mando
et al., 1996) and reduce the bulk density (Arshad, 1982; El&tnal., 1986; Mando et
al., 1996). The loosening of the soil and the building of fonggholes induces higher
infiltration rates on sites with termites (Elkins et al., 198&ndo et al., 1996; Léonard &
Rajot, 2001). On the other hand, reduced infiltration ratexevalso observed for soils with
termites (Spears et al., 1975). However, the outer wall afitermounds is often very hard
(Adepegba & Adegoke, 1974; Maduakor et al., 1995), and haghehbulk density (Lal,
1988), which reduces infiltration rates into mounds (Arsh@&82] Lal, 1988).

The hard crust of earth mounds is built by termites for protacpiorposes. Besides a
compact stacking of soil particles and a cementing of the pesticl/ organic substances,
the higher clay content in termite mounds contributes to theromall compaction. The
clay percentage in termite nests is raised, because termites play or the smallest silt

! The classification into lower and higher termites refershio termites’ level of evolution. The lower termites
have bacteria and protozoa in their guts for digesting ki The gut of the higher termites contains only
bacteria, which also includes anaerobic bacteria. Thesetes can probably produce cellulase by themselves.
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particles for nest construction (Lee & Wood, 1971b; Lal, 198¢jt & Lepage, 2000).
This preference is caused by a size limit of the termite workarsspyortation capacity and
by the need to maintain high moisture contents in the nests (Leeo&I\W1971a; Wood,
1988). The material for nest construction is frequently cédldan the subsoil. Collection
depths of 8.5, 23, and even 70 m are referred in the literdtiee & Wood, 1971b; Lee,
1983; Coventry et al., 1988). The deep burrowing termite seaie in most cases of the
fungus-grower feeding class.

Particle selection involves also changes of the mineral comgposit the termite nests.
Generally, termites collect particles from the subsoil, anaseguently, the mineral com-
position of the nest reflects this source. Lal (1987) and Sakb €G09) documented an
upward transport of smectite, muscovite and illite. Additiopdliu et al. (2007) referred
to an upward transport of carbonate, and Abe & Wakatsuki (28@0)mented a different
sesquioxide composition in termite mounds than in the surroundihg so

The intimate contact of clay particles and organic matteréténmite gut can favor the
formation of stable aggregates (Miklés, 1992, cited by Scha2f1), similar to earth-
worm casts. It is also expected that the higher clay contentlandhterconnected cation
exchange capacity promote aggregate formation (Jouquet €0a1). Therefore, higher
contents of microaggregates are found in termite mounds (rall 2001), termite affected
sites (Spears et al., 1975), and in abandoned termite moundge(luset al., 1999). Those
microaggregates are also discussed as source for “pseudo-sandfogrameilar structure
in tropical soils (Jungerius et al., 1999; Schaefer, 2001biRalet al., 2002; Reatto et al.,
2009). The water-stability of the aggregates is enhancedikBl& Kayani, 1982) or re-
duced (Jouquet et al., 2004) in termite mounds. Jouquet et akY2@@buted the reduced
stability to the swelling of 2:1-type clays, which reduced thatev penetration into the
mounds in the field.

Termites do also change the chemical soil properties of theiramesthe adjacent soil.
The transport of inorganic and organic material into the nesses an enrichment of nu-
trients, and these nutrients may then be depleted in the suirgusdil or in specific soil
horizons. First of all, the content of organic material is reglylincreased in termite nests,
which directs to their higher carbon and nitrogen contelné® (& Wood, 1971b; Lobry de
Bruyn & Conacher, 1990; Holt & Lepage, 2000). Due to diffdremgins of the organic ma-
terial and the modification by termites, a diversity of organicssalces is present in nests.
Hence, the reported alteration of organic material in termésts will be described in the
next paragraphs. Other nutrients can be enriched by termitaddition to organic mate-
rial, clay and other inorganic particles in their nests. Thas#igles can in addition elevate
the cation exchange capacity, and consequently exchamgeatibns like calcium, mag-
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nesium and more seldom potassium (Lee & Wood, 1971b; Lobry de B&u@onacher,
1990; Holt & Lepage, 2000). There is no obvious trend for anter effect on the pH; the
reported observations are contradictory (Lee & Wood, 19EZabry de Bruyn & Conacher,
1990; Holt & Lepage, 2000). The same is true for phosphorus, whashenriched in nests
in the studies of Okello-Oloya et al. (1985), Lépez-Hernareteal. (1989), Garnier-Sillam
(1990), and Mora et al. (2003), and depleted in the obsenatiy Watson (1975), Singh
et al. (1987), and Al-Houty (1998). The higher cation exg®oapacity and the alteration
of organic matter by termite digestion change, of course, alsavagability of nutrients
(including nitrate and ammonium) for plants. This was for exansplewn for available
phosphorus by Kang (1978), Arshad (1981), Wood et al. (1988gy¢ et al. (2003), and
Lopez-Hernandez et al. (2006)owever, a systematic approach to understanding the
contradictory results of different feeding guilds on total and plant available phospho-
rus is missing.

Trace elements are as well influenced by termite activity. Fagde Baligar (2004),
Mills et al. (2009) and Sako et al. (2009) reported an enrigftnoé the micro-nutrients
iron, manganese, zinc, and copper in termite nests, while Ackeetraln(2007) and Mills
et al. (2009, other termite species than above) found no diffars or even higher values
in the control soil. Nevertheless, in many studies, termite mourelsised as a tool for
geochemical exploration, because termite nests show highersvafuare metal elements,
which originate from deeper horizons (Prasad & Saradhi, 198dsad et al., 1987; Le
Roux & Hambleton-Jones, 1991; Kebede, 2004).

As stated above, the organic matter content is regularly ramsegtmite nests. This is
due to the incorporation of food or digested food in the fornsaliva or feces into the
nest. The composition of the organic matter is above all drivetheyeeding habit of the
termites. For example, soil-feeding termites feed on humified mgtand wood-feeding
termites on relatively unchanged wood. The feeding habis laéso an influence on the
termites’ ability to degrade organic matter. Termites feedmgood use the easily degrad-
able cellulose components rather than lignin as a source foorand energy (Breznak &
Brune, 1994). Several studies show that those wood-feedingtésr and their symbiotic
gut microorganisms can only degrade mono- or diaromatic lignimpmunds, and the core
of larger lignin molecules resists degradation (Butler & Butikéd, 1979; Cookson, 1987;
Brune et al., 1995; Kuhnigk & Koénig, 1997). On the other hdthgus-growing termites
are able to use the lignocellulose nearly completely, becaessytibioticTermitomyces
fungi can degrade lignin like other white-rot fungi (Hyodbag., 2000; Ohkuma, 2003).
Thus, an enrichment of lignin is found in wood-feeding (and/a@ibd interface feeders)
termite nests (Hopkins et al., 1998; Amelung et al., 2002).uBxe and peptidic com-
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pounds are more degraded than aromatic compounds duringreemsiwith soil-feeding
termites, which led to smaller molecular weights (Ji et al., 200&;Biune, 2001). Studies
of the poly- and monosaccharide contents in nests of soil-fgeatid fungus-growing ter-
mites reveal higher contents for the soil-feeding termitesomgarison to the control soil
(Contour-Ansel et al., 2000; Sall et al., 2002). While thisnginly attributed to the much
higher carbon content in those nests, the percental contiibaficarbohydrate-C to total
nest organic carbon is reduced. The sugars are residues daftedl®od, which is sup-
ported by a high content of plant-born polysaccharides inghaite nests (Contour-Ansel
et al., 2000). Hopkins et al. (1998) reported a preferettisd of polysaccharides during
digestion by wood-feeding termites. Humic acids have a diftecenstitution in nests
of fungus-growing termites than in the reference soil: theyt@ionmore oxygen, have a
higher aromaticity, and lower molecular weight (Arshad et H88). Experiments with
soil-feeding termites showed that they convert humic and fudeids to humins (Ji et al.,
2000). Field studies indicated a greater portion of humicsarrichests of fungus-growing
and wood-feeding termites (Garnier-Sillam & Harry, 1995ri@er-Sillam, 1987, cited by
Brauman, 2000; Richard et al., 2008}onsequently, it can be said that the more sta-
ble lignin is enriched in termite nests relative to easily avdable organic compounds.
However, the persistence of such lignin enrichments and the corgpgences for organic
matter in the soil below termite nests are unknown.

Despite a decomposition of easily available organic compourkssligars, by termites,
the absolute content of such compounds is elevated in termite casipared to adjacent
soil due to a strong enrichment together with other organic naédeHence, those easily
available compounds can serve as energy source for microorganislist the optimal
humidity in termite nests can support the growth of microorganidtadt,(1998). Conse-
guently, a higher activity, a higher biomass, or a higher numbericroorganisms in ter-
mite nests relative to the surrounding soil were reported in marlyest (Gupta et al., 1981;
Abbadie & Lepage, 1989; Holt, 1998; Fall et al., 2004; Ndiayal., 2004a). The termites’
activities influence also the composition of microorganism comtragin general (Harry
et al., 2001), the composition of bacterial communities (Fallet2004; Jouquet et al.,
2005), and the composition of fungal communities (apart frongfisnin fungus-growing
termite nests; Roose-Amsaleg et al., 2004; Jouquet et al., 2006f &ial., 2005; 2006).
Roose-Amsaleg et al. (2004) reported that only 6.3% of rDNA secge of ascomycete
communities were the same for nests and soils. The spores of ectomzgcadre more
diverse in several Australian termite nests (Spain et al., 2@d) the number of arbuscu-
lar mycorrhizal spores were elevated around nests of soilfigadrmites (Ndiaye et al.,
2003). The latter stated that mycorrhizal establishment wasdsgd in the nests itself. A
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fumigation effect against fungi was also postulated by Wiltzl e{1®98) for naphthalene
found in termite nests, although more recent studies suggest fifattiaéene was produced
by microorganisms occurring in termite nests (Bandowe et al9R@Eblavan et al. (2007)
stated that termite mound extracts had an effect against thelgofwacteria.

Termite mounds or their immediate surroundings have been knowarpksce of a bet-
ter growth of plants for a long time (e.g. chitemene agriceltiMielke & Mielke, 1982).
This was shown in studies of termite mounds in the natural enwiesrt (Spain & Mclvor,
1988; Miura et al., 1990; Miedema et al., 1994; Brody et al1(®0and in manipulation
experiments (Rajagopal, 1983; Gutierrez & Whitford, 1988teéha et al., 1995; Mando
et al., 1999). Higher yields of plants were reported in theistsiof Watson (1977), Okello-
Oloya & Spain (1986), Batalha et al. (1995), Duponnois e(2005), and Andrianjaka
et al. (2007). Andrianjaka et al. (2007) observed additignalbiological control effect
of mound powder on a root parasite. For this reason, termite moutetiaila were used
as soil amendments. However, little or no effect of mound matenigdlant growth has
also been reported (Potineni & Veeresh, 1989; Vivekanandaragdidsamy, 1983), while
others reported even a suppression of plant growth directlg@mbund (Spain & Mclvor,
1988; Rogers et al., 1999).

Allin all it can be summarized that termites alter the physicagnsital, and biological
properties of their nest material in comparison to the origingkenma. This can also have
consequences for the whole soil. The nature of the soil horiandghe soil classification
can be changed. Due to bioturbation the differentiatiornefdoil horizons can be leveled,
but also the formation of stone lines (Nye, 1955; Jungerius £889; IUSS Working
Group WRB, 2006), the microgranular structure of Ferralsoys($956; Jungerius et al.,
1999; Schaefer, 2001; Balbino et al., 2002; Reatto et aD92&arcinelli et al., 2009),
and plinthite (Yakushev, 1968; Tardy & Roquin, 1992) has batmbuted to termite ac-
tion. However, all these changes are restricted to the spatettewhich can be directly
reached by termites. Therefore, the mosaic of nutrient patohtespical soils, which can
be found especially in tropical savannas (Partel et al., 2028) be raised by termite ac-
tivities (Salick et al., 1983; Garner & Steinberger, 1988ngdway et al., 1989; Holdo &
McDowell, 2004; Grant & Scholes, 2006; Obi & Ogunkunle, 2Q0B)is patchiness can
also be intensified by the termite mounds, which alter the micropguhy (Sattaur, 1991;
Miller et al., 1994; McCarthy et al., 1998). Though, the direffect of termites on the un-
derlying and adjacent soil was only studied at single moundsqMatL962; Laker et al.,
1982a; b; Coventry et al., 1988; McCarthy et al., 1998)us, the degree of spatial extent
that is influenced by termites is poorly quantified to date.
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Furthermore, the termite induced changes in soils and nest alatean be altered after
the death of a termite colony, but also when the nest is still inbadb Termites might
directly relocate nest materials into the soil or partial enosiod leaching from inhabited
termite nests may add nutrients to the soil. For example, leadfimigrate and ammonium
from termite nests into the surrounding soil was observed by Gomgtal. (1993, cited
by Holt & Lepage, 2000) and Schwiede et al. (2005). Studiedemelopment of physical
or chemical properties of nests after nest abandonment are\ygee 1955; Stoops, 1964;
Vallachmedov, 1981; Steinke & Nel, 1989; Roose-Amsaleg et D5 Most studies
concerning nest longevity only estimated the age of the neses&lEutler, 1977; Nutting
et al., 1987) or calculated only the mass loss of nest material (gekabry de Bruyn &
Conacher, 1990Hence, it is unknown how the modified materials continue to chage
over time after the colony dies, and if still inhabited nests hag an influence on the
surrounding soil.

In summary, there is a lot of data about the alteration of soil gniigs in termite nests
relative to a control soil, but several open questions remain.

— Are there any systematic differences in the way various terfiediging guilds affect
the chemical characteristics of their nest materials?

— How do termites influence the content and availability ofggfrus, which is im-
portant for plant nutrition, in their nests?

— Are relatively stable lignin compounds enriched in termitsteeand if so, how long
will it be enriched?

— How far do termites influence the soils surrounding their egdigests?

Is there any transport of nutrients from living nests to theaurding soil?

— What happens to the nests and enriched nutrients when teyadies?

1.2 Focus on Brazil

1.2.1 Documented impacts of termites on soils in Brazil

From the literature review in Section 1.1.3 it is clear thatsthstudies on the relation of
termites and soil properties were conducted in Africa. Fidufe which illustrates this
point, is based on 168 international original research pagaisconference proceedings
papers (1955-2010; data from ISI Web of Knowledge and Safindvhich examine the
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Figure 1.1 Percentages of studies on the relation of termites and a control soil done in the
different continents. The diagram is based on 168 international publications (1955-2010;
data from ISI Web of Knowledge and Scifinder).

relation of termites and soil properties in the field, and wlalie informative data. Seven
of the 17 studies done in South America were carried out in Brazi

Sarcinelli et al. (2009) studied the difference between termiounds and control soils
in the Mata Atlantica (see Section 1.2.2 for an explanatidgh@tcosystems), and the study
of Fageria & Baligar (2004) was carried out in the Cerradoe Titee other studies were
conducted in the Amazon region (Martius, 1990; Amelung et 8681 2002; Richard et al.,
2006; Ackerman et al., 2007). All above listed authors repgbate enrichment of organic
matter (carbon, nitrogen, sulfur) in termite nests in comparisoreterence soils (Mar-
tius, 1990; Amelung et al., 1998; 2002; Ackerman et al., 200 dikter (Richard et al.,
2006). The lignin percentage is higher in nests of wood- anldismd interface-feeding
termites, and lower in nests of lichen-feeder termites in corapario the reference soill
(Amelung et al., 1998; 2002). Richard et al. (2006) reportejher content of humic acids
and a higher fraction of low-molecular-weight molecules isteghan in litter. Nutrients
like phosphorus, potassium, calcium, and magnesium are also eniictezthite mounds
(Fageria & Baligar, 2004; Ackerman et al., 2007; Sarcindliale, 2009). The results for
pH and aluminum are contradictory; Fageria & Baligar (200%) §arcinelli et al. (2009)
showed higher pH values and less aluminum in termite nests; whikerAwn et al. (2007)
found the opposite in the Amazon region. The nests of the latidy stre also exceptional
for available micronutrients; Ackerman et al. (2007) recordedlifference for iron, zinc,
and copper. On the other hand, Fageria & Baligar (2004) mea$igber contents of iron,
zinc, copper, and manganese in termite mounds. Changes of physipalties were as
well examined by the same authors. The clay content is higherthendand content is
lower in termite mounds than in the control soil (Fageria & Batj2004). Furthermore,
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the proportion of large aggregates is higher, and the ptimooof the small aggregates is
reduced in termite nests in comparison to soils (Sarcinelli e2809). Ackerman et al.
(2007) stated that termite mounds have a higher penetratistarse and a higher infil-
tration rate. However, as the studies are restricted to a casopaof termite nests and a
reference soil, it remains unclear how the termites influeneeathacent and underlying
soil. Also, the persistence of these changes was not examined. Ansygt@ssessment is
lacking, because most studies were done in the Amazon regione\ihefeeding guilds
or the termite genera were unknown (Fageria & Baligar, 2084kerman et al. (2007)
and Sarcinelli et al. (2009) even averaged values for diffetermite species and feeding
guilds. In view of that, the present work tries to systematize and extendrte knowledge
about the influence of termites on soils, nest and soil properties Brazil.

1.2.2 Climate and ecosystems in Brazil

Brazil is the fifth largest country in the world and the larges¢ an South America. With
an extension from 5°North to 34°South and from the Atlantie&@rcto the Andes it shows
a variety of climates, and consequently a variety of ecosystems.

The mean annual temperatures are the highest in the north clibsediquator, and lower
in the south of Brazil (Figure 1.2). The highest mean annualipitatons are recorded
at the equator, and the lowest in the northeast. These diffesermuse the forming of
different ecosystems (Figure 1.3). The equator region is ddedray the Amazon and the
tropical rain forest. Differences of the flooding regime indultfferent ecosystems within
the Amazon region. The Terra firme is never flooded; the Varzladded by whitewater
rivers, and the lgapo6 by blackwater rivers. The ecosystem lyirthe east and south of
the Amazon region is the Cerrado (the Brazilian savanna),iwikidrier than the Amazon
region and has a pronounced dry season. It includes a varietggetation types, which
range from an open savanna to a closed canopy forest. A small piue Gferrado, but
more dominated by floodings, is the specific floodplain ecosysterheoPaintanal. The
northeast region of Brazil has a more pronounced dry seasonhwhigses xerophytic
vegetation. This region is called Caatinga. The Mata Ait@néxtends along the coast of
the Atlantic and comprises the more mountainous parts of Bi@ailsed by the mountains
itis humid the whole year, but distinctive rainy seasons aredediy the specific location.
The humid Pampa in the south of Brazil is a grass steppe with a mitctdi. Yet it is still
unclear whether termites in the different ecosystems have deérent effects on soil and
nest properties or whether it is the termite genus rather thanclimate that induce such
differences.
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Figure 1.2 Climate charts of four Brazilian cities: (a) Amazon region (Manaus, 3°08’S,
60°01'W, 72m); (b) Cerrado (Brasilia, 15°47’'S, 47°56'W, 1158 m); (c) Caatinga (Quix-
eramobin, 5°12’S, 39°18'W, 198 m); (d) Mata Atlantica (S&o Paulo, 23°30’S, 46°37'W,
795 m) of different ecosystems (data from Muhr, 2009). The mean annual precipitation and
temperature were given for each chart.

1.2.3 The soils of Brazil

The present Brazilian soils are influenced by the old land sesfand the tropical cli-
mate. Therefore, highly weathered Ferralsols (accordingRBWSSS-ISRIC-FAO, 1998)
are the dominating soil group in Brazil; they cover one thirdhe territory (Ker, 1997).
Though, the abundance of Ferralsols in the six ecosystems igethiffd-erralsols are dom-
inating in the Amazon region alongside with Plinthosols, Acssahd Fluvisols (Figure
1.4; Ker, 1997). Ferralsols and Acrisols are also, togethdr Aenosols, the most com-
mon soils in the Cerrado (Figure 1.4; Batlle-Bayer et al., 30kf0the Pantanal one can
find Solonetz, Alisols and Fluvisols (Figure 1.4; Zeilhofer &Hhessl, 2000); and in the
Caatinga, Planosols, Luvisols, and Cambisols besides Ferralsoisol&cand Alisols are
most frequent (Figure 1.4). The soils of the Mata Atlantica areenntfluenced by the re-
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Figure 1.3 The six dominant ecosystems of Brazil (data from IBGE, 2004).

lief position. In general, Cambisols, Leptosols, and Nitisols otogether with Ferralsols
and Acrisols (Figure 1.4). The south of Brazil is dominated bgdizems (Figure 1.4).

In general, the soils may have good physical soil propertiesheuttiemical properties
are unfavorable for land use. Most of the tropical soils (Fealal Acrisols) have low nu-
trient availability. This is due to the intensive weatheritige formation of low activity

70‘°W 60“’W SOT’W 4OT’W 30“’W
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Figure 1.4 The soil groups of Brazil according to WRB (ISSS-ISRIC-FAO, 1998; data from
FAO, 2003).
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1.2 Focus on Brazil

clays like kaolinite, and the low pH value. Correlated witie iow pH is a high content
of exchangeable aluminum, which is a plant toxin. The low tptadsphorus contents and
the high phosphorus fixation cause low phosphorus availaf8igynchez & Logan, 1992;
Dematté & Dematté, 1997; Lehmann et al., 2001). Dematté & Dem&®@7( reported
that 96% of the soils in the Amazon basin had limited phosphorutabudy. Access to
soil organic matter can promote the nutrient availability faanps and microorganisms;
therefore, an adapted humus management may be required for abktdand use. Ter-
mites can have a positive effect on the soils and the suitabaitiahd use, when they raise
the organic matter content, and the content and availalfityutrients. Thus, the aim
of the present work is to examine the effect of termites partialarly on phosphorus
and organic matter in termite nests and the adjacent soil, and lazo their effect on soll
genesis.

1.2.4 Termites in Brazil

About 2800 termite species are described worldwide. The Npiotbregion has the sec-
ond highest number with about 500 species. 280 species are ddsariBeazil (Araujo,
1970; da Cunha et al., 2006). Coles de Negret & Redford (18&2&d that termites “are
probably the dominant form of animal life in many areas of cdiidrazil, both in number
of species and biomass”.

While termites are distributed over the whole of Brazil, thieleosouth is relatively free
of termites (Constantino, 2002). The Terra firme is the greatesioh the Amazon region
and has the highest species abundance. Constantino (1998)Z6uo 64 species in study
sites on the Terra firme (Figure 1.5). The density of termite spasieonstantly lower
in the flooding areas of Varzea and Igapo (Figure 1.5; Constanit992; Martius, 1994b;
1997). The second highest species abundances on sampling plédsiad in the Cerrado
with 16 to 46 species (Figure 1.5; Gontijo & Domingos, 1991; Ssral., 2003; da Cunha
et al., 2006). The Caatinga has between 8 and 17 termite speristidy site (Figure 1.5;
Martius et al., 1999; Mélo & Bandeira, 2004), and the MataAtica has between 2 and
27 termite species (Figure 1.5; Bandeira & Vasconcellos, 20@2efcio & Diehl, 2006;
Reis & Cancello, 2007; Vasconcellos et al., 2008).

In Figure 1.5, it becomes obvious that the termite species oAthazon region, the
Caatinga, and the Mata Atlantica are dominated by wood-figesibecies, but also humus-
feeder species are frequently present. On the contrary, grasg$ttar-feeder species have
a great proportion in the Cerrado, while such termites ardagiblg in other ecosystems of
Brazil.
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Chapter 1 General introduction

Reports on termite nest densities in Brazil are seldom and cbatoay. For instance,
Gontijo & Domingos (1991) documented 528 nests lemd Coles de Negret & Redford
(1982) 180 — 324 nests tlan the Cerrado region. Furthermore, Vasconcellos et al. (2008
reported 93 — 110 nestshan the Mata Atlantica. Besides natural causes, also the diversity
of sampling methods or the counting of dead or inquilines nestsrchuce such discrep-
ancies.

In addition to the nest density, the area covered by epigealtiemounds is interesting
for an evaluation of termite effects on soils. Such epigeal msward numerous in the
Cerrado, where they are mainly built Iornitermesspecies.C. cumulanccurs in the
southern to the middle grasslands ddsilvestriiin the middle to the northern parts of
Brazil (Constantino, 2002). For both species, similar mound di@areeind nest densities
are reported. With a mound density of approximately 40 nests(toles de Negret &
Redford, 1982; Redford, 1984; Gontijo & Domingos, 1991; Busi2006) and a diameter
of 80 cm (personal observations; Coles de Negret & Redford,;1R&&ford, 1984) 0.25%
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Figure 1.5 Termite species abundance (circle size) and the partition into feeding habits
in Brazilian ecosystems. Composed of data for the Terra firme from Constantino (1992;
Amapa State, Belem, Humaita, Marad TF, Paragominas); for the Varzea from Constantino
(1992; Marada V) and Martius (1994b; Ilha de Marchantaria); for the Cerrado from Gontijo &
Domingos (1991, Sete Logoas), and da Cunha et al. (2006; Alto Paraiso, Cristalina, Ipora,
Nova Crixas, Pontalina, Serran6polis); for the Caatinga from Martius et al. (1999; Caic6),
and Mélo & Bandeira (2004; Sao Joao do Cariri); and for the (fragments of) Mata Atlantica
from Bandeira & Vasconcellos (2002; Brejo dos Cavalos), Florencio & Diehl (2006; S&o
Leopoldo), Vasconcellos et al. (2008; Guaribas), and Reis & Cancello (2007; Mata da Es-
peranca, Reserva Zoobotanica).
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1.3 Objectives

of the area is on average covered@yrnitermesnounds. However, if the termites affects
the surrounding soil and the induced changes are stable wheerthige colony dies, the
total area influenced by termites can be lar¢fnce, studying soil properties within and
around Cornitermes mounds may provide a first representative insight into the role
of these termites for soil genesis, and both organic matter and ritient accumulation
patterns.

1.3 Objectives

The aim of the present work is to investigate the effects of texsmn selected soil proper-
ties, the impact on the soil surrounding termite nests, and the marsesbf the observed

changes. The focus is set on Brazil, where termites are a dongradit of the soil fauna,

but studies on their influence on soil properties are scarce (@etof 1.2.1). The in-

vestigated effects of termites on soils include the chemicelatibn of organic matter,

comprising changes of organic carbon, lignin and phosphorwgekss the genesis of the
soil types under termite mounds. Considering the concluding ipmesin Sections 1.1.3

& 1.2.1, the specific objectives for my study are described bydheviing questions:

1. Which effects do different termite feeding guilds have omphosphorus forms?

In Chapter 2, the relevance of different termite feedingdgpufor changes of phos-
phorus forms and contents in termite nests is evaluated. Asisthte/e in Section
1.2.4, different feeding guilds occur in Brazil, which have&arying distribution in
the Brazilian ecosystems. Itis assumed that they have distinct i;ypasbil proper-
ties in general and on phosphorus in particular. Their effiagthosphorus is studied,
because its availability is limited in most tropical soils, andsitiypothesized that
termites have a positive influence on the availability throtlggh incorporation of
clay and organic matter into their nests and the chemical &tieraf the organic
matter.

2. What are the spatial and temporal effects of termites on the mound and the

underlying soil?

The second part (Chapter 3) is restricted to one termite speaigbdtermite effects
are studied in more detail and extended to their influence orsnestundings. First

| address the question whether the activitie€osilvestriialter the soil type under
their earth mounds in the Brazilian Cerrado. Second, | wasested to know the
spatial extent to whicl€. silvestriimay modify the phosphorus forms in the soll
near to their mounds. To elucidate the temporal developmentaspbtorus forms
and soil genesis, | also investigated soil below presumably older dsoufhose
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older mounds are originally built bg. silvestrii but are now occupied by secondary
termite colonies. There are in fact no abandoned termite mountisinnhabited
nests are rare in the Brazilian Cerrado; therefore, older a®are the best available
approximation for studying the temporal development afterroptteath.

. How is the temporal development of organic matter in termie mounds, which

resists degradation by termites?

Chapter 4 extends the knowledge on the above-mentioned madiri@issilvestrii
through measurements of organic carbon and lignin, which iomiment part of
the organic matter not decomposed by termites. This chaptersallmights into
the chronological development of relatively stable ligninténmite nests and the
adjacent soil from sites not affected by termites, to sites witingdermite mounds,
and to sites with old mounds.

. Is there any effect of termite mounds on nutrients in drainng water?

In the last part (Chapter 5), a potential pathway for the movemkeanriched nu-
trients from termite nests to the surrounding soil is examined bgsoming carbon,
phosphorus and nitrogen forms in drainage water. This addréssegiestion of
whether nutrients can be leached out of young, inhabitedsnasd whether the
leaching is higher in older, more weathered mounds.



Chapter 2

Phosphorus forms in Brazilian termite nests and soils: Relevanc e of

feeding guild and ecosystems !

2.1 Introduction

Termites have enormous influence on soil properties and are oftesidered to be soil
engineers. It is well documented that they enrich carbonogsin, clay and exchange-
able cations inside their mounds compared to the adjacent sqil (@bry de Bruyn &
Conacher, 1990; Holt & Lepage, 2000). Our understandingedf #ffect on soil phospho-
rus (P) is less well advanced, and existing information is ealttory.

Most authors reported an enrichment of total P in termite moundssheetings com-
pared to reference soils, as for example shown by Okello-Ologh €1985) and Lopez-
Hernandez et al. (1989) for litter-feeding and by Mora et(2003) and Garnier-Sillam
(1990) for fungus-growing and soil/wood-feeding termites. &ttwless, in some cases
depletion of total P was observed in termite construction®(lfeeders: Al-Houty, 1998;
fungus-growers: Watson, 1975 and Singh et al., 1987).

Ecologically more important than the total P status in soils aestsare P fractions
available for plant nutrition. Available P is frequentlyfaéent in tropical soils. Termites
can alter P availability through alteration of plant deisi{wood, leaf litter) and soil organic
matter, and incorporation into their mounds. Studies on dvailR fractions in termite
nests used a variety of extraction methods. The commonly used Bidaylaen extractions
showed an accumulation of available P in mounds compared toeadjaoils for soil-
feeding termites (Wood et al., 1983; Ndiaye et al., 2003) aqplation for fungus-growing
termites (Kang, 1978; Arshad, 1981). Aside from Lopez-Hereanret al. (2006), who
studied the effect of several feeding groups on water-solubtegdrts on other feeding
guilds are scarce, and only one international published tdéipted the impact of termites
on P in Brazil (Fageria & Baligar, 2004).

However, sequential fractionation of P afidP-NMR spectroscopy are useful tools for
characterization of the soil P status (Tiessen & Moir, 1993; C&$chlesinger, 1995;
Sumann et al., 1998). These tools provide a much deeper instgtthencomposition and

1 This chapter was already published in a journal: Riickampt Bl. (2010). Phosphorus forms in Brazilian termite
nests and soils: Relevance of feeding guild and ecosysteatderma 155(3-4), 269-279.
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Chapter 2 Phosphorus forms in Brazilian termite nests and soils

availability of different P pools than may be derived from conmiray and Olsen proce-
dures. For example, Guggenberger et al. (1996) were able tordrate an enrichment of
available P, especially of organic P, in earthworm casts. LiseyKristiansen et al. (2001)
showed an enrichment of P pools in anthills and preferentiddli CO;-extractable P and
diester-P were enriched in younger nests.

To my knowledge, these sophisticated techniques have not begmoudistinguish dif-
ferent P pools in tropical termite nests. | expect that termifedifferent feeding guilds
have a similar effect on P forms in the nests and will all enrichlalke P in their construc-
tions. However, as a result of different feeding habits, tesmtalect different amounts
of soil and various organic compounds, leading to the hypotltleaishe degree of P al-
terations in the nests should at least result in clear distircti@mtween humivorous and
wood-feeding termites. The aim of my study was to use sequentialdB@dnation, partly
in combination witi*1P-NMR spectroscopy, to investigate the effects of termitesfterdli
ent feeding groups on available and bounded P forms in sevexriliBreecosystems.

2.2 Materials and methods

2.2.1 Samples

Most samples were collected in 1998, and originated from the Ameagion (Terra firme,
Varzea and Igapo, near Manaus), the swamps of the PantanalQuidna), the Atlantic
rain forest (Mata Atlantica, near Caruaru) and the dry savd@aatinga, near Caico).

=1Amazon
] Caatinga
[ Cerrado
[ Mata Atlantica
& [—jPampa
T [ Pantanal

70°W 60°W 50°W 40°W 30°W

Figure 2.1 Locality of the study sites (L) in different ecological zones of Brazil.
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Those samples were also used for screening of polycyclic aromatro¢tgrbons (Wilcke
et al., 2003), and partially for lignin studies (Amelung et 2002). Additionally, the Cer-
rado was sampled near Palmas in 2006 (Table 2.1, Figure 2.1).

| searched for any nest | could find (especially in the rain foréstyever, | only sampled
two or three intact and inhabited nests of the dominant specasples of different nest
parts (outer wall, inner wall, central part) belonging ttietent termite genera and species
were collected (Table 2.2). It was not possible to separate eékts nnto discriminable
parts for every termite species. According to Donovan et aD120vood-feeding, lichen-
feeding and grass-feeding termites were assigned to group I$ifRpiification, they were
called xylophagous or wood-feeders in the following. Thd/aoiod interface-feeder or
humivorous termites were classified into group .

Samples of mineral soil (0—10cm) were taken with a core sampleesmonding to
each nest at five subsites. The soil subsamples were combined to one pammst. The
subsites were allocated around the nests, approximately 5 m améiad no obvious ter-
mite influence. Wood of potential food trees with termite fongggalleries were sampled
close to the nests of wood-feeding termites. All samples were imnedyliair dried and
sieved to <2 mm.

2.2.2 Chemical analyses

Organic carbon (C) was determined in dried samples of termits,rest, and wood using
a Fisons NA 2000 elemental analyzer (Fisons Instruments, Rodalam, Maly).

Total P of wood samples was measured with an inductively coupéssha spectrome-
ter (ICP-AES, JY70PLUS, Jobin Yvon, Edison, USA) after combustath ammonium
nitrate. The sequential extraction of phosphorus fractiomest and soil samples followed
Tiessen & Moir (1993) with a modification of the determination e$idual P, which was

Table 2.1 Location, climatic properties, and soils (after IUSS Working Group WRB, 2006)
of the sampling sites in different ecological zones of Brazil.

Region Coordinates Mean annual Mean annual Duration of the Soll
precipitation temperature dry season

Latitude Longitude

Caatinga 06°34’'S 37°15W 500mm 29°C 9 months Haplic Alisol
Mata Atlantica 08°07'S 36°01'W 1400mm 26°C 5 months Cambisol
Pantanal 16°21'S 56°15'W 1400mm 24°C 5 months Fluvisol
Cerrado 10°16’S 48°10'W 1800mm 24°C 5 months Umbric Acrisol
Amazon basin 02°59'S 59°59'W 2100mm 25°C 2 months
Terra firme Xanthic Ferralsol
Igapo Fluvisol
Varzea Fluvisol
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Table 2.2 Feeding and nesting habit of the sampled termite species; and the number of termite nest, soil, and wood samples. (A = outer
nest wall, B = inner nest wall, C = central nest part, + combined sample).

Region Termite species Nesting group Feeding habit Feeding Number Sampled nest Number Number
group? of sampled compartments of soil of wood
nests samples samples
Caatinga Constrictotermes cyphergaster arboreal/epigeic wood-feeder I 3 A B, C 8 7
Microcerotermes sp. arboreal wood-feeder © Il 3 A B,C
Nasutitermes sp. arboreal wood-feeder © Il 3 A B, C
Mata Atlantica Embiratermes parvirostris epigeic soil/wood interface-feederf Il 2 A B,C 4 4
Nasutitermes corniger arboreal wood-feeder Il 2 A B, C
Pantanal Anoplotermes sp. arboreal soil/wood interface-feeder © Il 2 A B, C 8 6
Cornitermes sp. epigeic wood-feeder € Il 3 A B, C
Embiratermes sp. epigeic soil/wood interface-feeder © Il 2 A B,C
Nasutitermes sp. arboreal wood-feeder © Il 2 A B, C
Cerrado Cornitermes silvestrii epigeic grass-feeder; litter-forager® € || 3 A, B+C 3 -
Amazon basin
Terra firme  Anoplotermes banksi arboreal soil/wood interface-feeder ' 11 2 Whole nest 8 6
Constrictotermes cavifrons arboreal lichen-feeder 9 Il 2 Whole nest
Cornitermes aff. weberi subterranean wood-feeder " I 2 A+B, C
Embiratermes aff. neotenicus  epigeic soil/wood interface-feederf 1] 2 A+B, C
Nasutitermes ephratae arboreal wood-feeder Il 2 A B,C
Termes fatalis epigeic soil/wood interface-feeder® 111 2 A, B, C
Igap6 Nasutitermes corniger arboreal wood-feeder ¢ Il 2 A B, C 2 5
Termes sp. epigeic soil/wood interface-feeder ° 1] 2 Whole nest
Véarzea Nasutitermes ephratae arboreal wood-feeder Il 2 A B,C 2 3

@ new feeding group classification of Donovan et al. (2001): group Il wood-,grass-, and lichen-feeder; group 11l soil/wood interface-feeder; b Moura et al. (2006);
¢ Martius, personal observation; d Constantino (2002); € Gontijo & Domingos (1991); fDavies et al. (2003); 9 Martius et al. (2000)

SJI0S pue S1sau ajIWIa] ueljizelg ul suioj snioydsoyd z J91deyd



2.2 Materials and methods

done with aqua regia. Inorganic B ®as determined in every extract by the Molybdenum-
Blue-method (Murphy & Riley, 1962) with a spectrophotometd?EEORD 205, Analytik
Jena, Jena, Germany), and total P in the extrag}sv&s measured with an ICP-AES. Or-
ganic P (RB) was calculated by difference of Bnd R.

Terminology and characterization of the different P pool®feed Hedley et al. (1982),
Tiessen & Moir (1993) and Cross & Schlesinger (1995):

— Resin-Ris the biologically most available P form, and is adsorbed on sesfaf
crystalline compounds.

— NaHCQ;-P, and NaHCQ-P, are also both highly labile P-Pools, with the first being
readily plant available and the latter easily mineralizable.

— NaOH-R has been considered as moderately labile and Na@#&ksRtable and in-
volved in long term transformations of P in soils. Both, NaHE®and NaOH-P
are described as associated with Fe and Al oxides, i. e., they deealdy form
separated pools.

— HCly;-P; refers to stable Ca-bound P (Apatite).

— HCleoncP; is very stable and covers recalcitrant &ccluded in sesquioxides. The
HClconePo fraction eventually also derives from particulate organidterahat is
not alkali extractable, but may potentially be bioavailable

— Residual-P comprises highly resistant and occluded P forms.

Sum-R and sum-R were calculated from the sum amount of the fractions and total P
the sum of sum-RP sum-R and residual-P.

For selected liquid-stat#*P-NMR analysis, alkali soluble P was extracted using 0.1 M
NaOH and 0.4 M NaF as described by Sumann et al. (1998). The apeete taken on a
Bruker Avance DRX 500 NMR spectrometer (11.7 T;: 202.5 MHz¥#?) without proton
decoupling at a temperature of 190 K. An acquisition time of 0al80°pulse, and 0.2 s
relaxation delay were used. Chemical shifts were measuredvelati85% orthophos-
phoric acid in a 5-mm tube that had been inserted into the 10-mmisduoige before the
measurement of each sample. Spectra were recorded with a lirdebiog of 20 Hz.

The assignment of individual P forms to NMR signals followed New&arate (1980),
Hawkes et al. (1984), Mahieu et al. (2000), Makarov et al0o@0Turner et al. (2003), and
Makarov et al. (2005). The labile phosphonai@s(17.5—20 ppm) thought to be of micro-
bial origin and have been found under wet and moist conditionsacid soils. Orthophos-
phate § = 6—-6.6 ppm) and pyrophosphai® £ —5.5—-—4 ppm) are the dominating inor-
ganic P forms. Orthophosphate monoested-B 8 — 6 ppm) comprise inositol phosphates,
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sugar phosphates and mononucleotides. In general, it is assumedaheester-P are
more stable than diester-P forms. Orthophosphate diestedl=F0(5— 2.5 ppm) include
teichoic acids, phospholipids and unknown non-lipidic and-tedchoic acids of microbial
origin. Diester2-P§ = —1.0—0.5 ppm) contain DNA and unknown non-lipidic P of micro-
bial origin. The form of the diester-P at= —1.5 ppm is unknown, it might be of microbial
origin. Polyphosphate®(= —20——18 ppm) may be a result of microbial activity.

2.2.3 Statistical analyses

Differences between groups were examined with an analysiargdnce (ANOVA). The
Scheffé test was used as post-hoc test for comparisons of more thgnawps, which is a
robust test suitable for different sample sizes (Table 2.2). Thefwignce level was set at
P <0.05. Statistical analyses were conducted with SPSS 1493 $f#., 2005, Chicago,
USA).

2.3 Results

2.3.1 Sequential P extraction

Soils The amount of total P in the soils ranged from 141 (Terra firme)a®7 mg kgt
(Cerrado), with a median P content of 370 mgtk¢Figure 2.2c). Inorganic P (including
residual-P) usually accounted for >57% of all P forms (Tablg.2T®e partition into P
fractions was different for the soils. The very stable KgdP; represented always an
important proportion of the total P, it reached 62% of totaloP the Cerrado Acrisols.
Residual-P was most prominent, explaining 37 and 29% of totatidan the Pantanal
and the Mata Atlantica, respectively. HfAP, was most important in the Varzea, these
Fluvisols also had a prominent proportion of NaOHd3 had those in the Pantanal. Hence,
the availability of R greatly varied across the different ecological zones of Brahis was
also reflected in a considerable variability of the differeptfétms. The rainforest soils
of the Terra firme were dominated by highly labile NaH{B), while the Pantanal and
Mata Atlantica soil had high proportions of the stable NaQ};ldhd the driest soils in the
Caatinga and Cerrado were dominated by the most stablg k.

Wood The total P content of wood samples ranged from 28 (Terra firai$8 mg kg
(Varzea). The Igap6 samples had low P contents similar to thodeeofdrra firme, the
other samples besides the mentioned ones exhibited a similaredRgmntents between
200 and 344 mg kg (Figure 2.2d). Hence, the wood samples also had highly varRble
contents, reflecting the P contents of the soils.
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2.3 Results

Figure 2.2 Results of the sequential P-extraction in termite nests (a: xylophagous termites;
b: humivorous termites) and soils (c), and total P of wood samples (d). For termite nests
were averages of all nest compartments shown. The error bars mark the standard error
based on the number of samples presented in Table 2.2.
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Figure 2.3 Organic carbon content of all samples (a: xylophagous termites; b: humivorous
termites; c: soils; d: wood). For termite nests were averages of all nest compartments
shown. The error bars mark the standard error based on the number of samples presented

in Table 2.2.
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Table 2.3 Proportion of each P fraction and of sum-P; and sum-P, (standard error) of humivorous termite nests, xylophagous termite nests
and soils as result of the sequential P-extraction. Within a row different letters designate significant (P < 0.05) differences.

resin-P; NaHCO3-P; NaOH-P; HClgj-Pi HCleonc-P; residual-P  NaHCO3-P, NaOH-P, HCleone-Po sum-P;  sum-Pg

% of total P % of total P
Xylophagous termite nests
Caatinga, Constrictot.2 —P 11 (2)ab 4 1)a 2(Q)a 24 (5)c nd€ 19 3)bc 24 (5)c¢ 17(5)bc 41 (9) 59(12)
Caatinga, Microcerot. 15 (6)abc 4 (3)b 5 (2)bc 2(@Q)b nd 27(17)ac 5 (4)abc 15 (6)abc 28(7)c 52 (45) 48(17)
Caatinga, Nasutit. - 18(11)abc 2 ()a 2(@Q)a 6 (ab 7 (Qab 28 (9)c 23 (6)bc 13(5)abc 35 (25) 65(20)
Mata Atlantica, Nasutit. — 5 (0)ab 2 (QJa 3(@ab 9 ()bc 9 (2bc 19 (1)d 37 4)e 15(2)cd 28 (9) 72 (7)
Pantanal, Cornit. 26 (4)a 8 (2)bc 5 )bc 2(0)b 1 ()b 3 Dbc 25 (B)a 19 (4)ad 12(2)cd 45 (22) 55(12)
Pantanal, Nasutit. 23(12)ab 1 (1)a 3 a 10a 5 (a 31(12)b 5 (2)a 14 (4)ab 17(8)ab 65 (46) 35(14)
Cerrado, Cornit. 1 (0)a 1 (0)a 7 ()b 0(0a 63 (6)c 4 ab 2 (0)a 3 ()ab 19(2)d 76 (29) 24 (3)
Terra firme, Constrictot. 26 (6)a 7 (2)bc 8 4bc 1()b 8 (4bc 3 (3)b 8 (2)bc 20 (5)ac 19(8)ac 53 (565 47(15)
Terra firme, Cornit. 30 (7)a 6 (2)bcd 4 (2bc 1(0)b 3 3bc 8 (7)bcd 14 (3)bcd 18 (5)d 17(4)cd 51 (52) 49(13)
Terra firme, Nasutit. 18 (6)a 3 (2)a 4 3)a 0(@©O)a 12(14)a 11(11)a 10 (B)a 19 (7)a 22(8)a 49 (68) 51(21)
lgapd, Nasutit. 30 (6)a 11 (4)bcd 4 (2)bc 1(0O)b 2 (2)b 3 ()bc 14 (5)bcd 19 (7)ad 16(6)acd 51 (29) 49(18)
Véarzea, Nasutit. 22(11)a 3 (2)a 4 a 1(Qa 5 (B)a 22 (9a 17 (9a 13 (6)a 13(6)a 57 (42) 43(20)
Humivorous termite nests
Mata Atlantica, Embirat. — 5 (Q)a 10 (2)ab nd 16 (3)b 12 (2)ab 18 (3)bc 26 (3)c 14(2)b 42 (14) 58 (7)
Pantanal, Anoplot. 8 3a 13 (Na 27(11)a 5(1)a 10 (NHa 4 (2)a 13 (H)a 17 (Na 2(2)a 68 (49) 32(14)
Pantanal, Embirat. 8 (4ab 14 (4)ab 33 (9c 2(0a 12 (4)ab 1 (2)a 19 (5)bc 9 (B)ab 2(2)a 71 (82) 29(12)
Terra firme, Anoplot. 17 (9)a 5 3)a 8 (6)a 0(0)a 37(29)a 8 (8)a 8 (4)a 14 (5)a 3(3)a 75(105) 25(12)
Terra firme, Embirat. 7 (2)a 3 Da 9 (2d)a 0(©a 31(10)b 23 (5)bc 10 (2)c 8 (2)a 9(2)a 73 (29) 27 (6)
Terra firme, Termes 17 (5)a 14 (7)a 10 ()a 1(l)a 14(14)a 0 (0O)a 15 (4)a 26 (14)a 3(3)a 57 (33) 43(21)
Igapo, Termes 21(10)a 8 (6)a 11 (5)a 1(1)a 13(14)a 1l4(15)a 8 (9)a 17(11)a 5(6)a 69 (93) 31(26)
Soil
Caatinga 1 a 5 (3)a 1 a 4((1)a 27(15a 19 (8)a 1 1a 20 ()a 21(8)a 57 (43) 43(17)
Mata Atlantica - nd 7 )a nd 25 3)b 29 4)b nd 25 (3)b 13(1)a 61 (12) 39 (4)
Pantanal 5 4)a 9 (Ma 11(10)a 2(2)a 12 (8)a 37(36)a 5 4)a 19(14)a 1(1)a 75(102) 25(18)
Cerrado 0 (0)a 0 (0)a 8 (2)a 1(0)a 62 (8)b 4 (2)a 1 (0)a 2 (0O)a 21(4)c 75 (33) 25 (5)
Terra firme 4 (2)a 6 (B)a 4 (3)a 5(7)a 21(16)a 16(16)a 23(14)a 15 (9)a 5@)a 58 (80) 42(26)
lgapo 3 2)a 4 (4)a 2 (2)a 2(2)a 46(46)a 26(29)a 11 (9)a 4 (3)a 2(2)a 83(133) 17(14)
Varzea 4 (a 3 4)a 12 (6)a 26(2)a 23 (2)a 7 Da 12 (1)a 7 Da 5()a 76 (17) 24 (2)
2t =termes; ? was not performed; ¢ not detected
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Chapter 2 Phosphorus forms in Brazilian termite nests and soils

Termite nestsDifferent nest parts usually have different ecological fionts, with an
outer wall protecting the nest from rain and predators, anrimad! for defense usually
inhabited by the majority of soldiers, and an central nurserynyMaimivorous termites
with a nest made mainly of soil have a nest center which consists ahmrghaterial. Xy-
lophagoudNasutitermesave nests which are nearly completely build of organic mdteria
(carton), but the three nest compartments are distinguishatiie iireld.

Analysis of inner and outer nest compartments revealed diffelistribution patterns
of the P fractions (Figure 2.4). Several termite species hadhigfhest total P contents in
the central nest compartment, which was mainly related to hiGheontents. An effect
of higher C contents on higherRontents was not always present. Mawgsutitermes
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500 | I
oo 200 ~ 150 400
2 1150 o 2 300
o 300 | > @ 100 1 o
E L1100 = E 200 =
~ 200 | o g o
o o 50
100 - L 50 100
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2 1200 @ < 300 2
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O residual-P W HCleon-Po
. Hclcon'Pi I:l NaOH‘PO
D HC|di|-Pi NaHC03-P0
IZINaOH-Pi
B NaHCO3-P;
H resin-P;

Figure 2.4 Results of the sequential P-extraction and the C analyses of different nest com-
partments (A = outer nest wall, B = inner nest wall, C = central nest). (a) Xylophagous
Nasutitermes of the Pantanal, (b) Xylophagous Microcerotermes of the Caatinga, (c) Hu-
mivorous Termes of the Terra firme, (d) Humivorous Anoplotermes of the Pantanal. The left
bar comprises P; plus residual-P and the right one P,. The  marks the C content and the
error bars indicate the standard error based on the number of samples presented in Table

2.2.
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2.3 Results

nests (Figure 2.4a) had the lowegtdhd R contents in the intermediate nest compartment.
Some humivorous termites suchAsoplotermegFigure 2.4d) had the lowest C contents
in the nest center, which correlated with lowgrcBntents, while Phad the same contents
in all nest compartments. Nevertheless, there was no clear diffena the distribution
pattern between humivorous and xylophagous termites. | cdadiat the distribution
of P forms in the nests is highly species-dependent, but not systathatifferent for
different feeding guilds or ecosystems. For a better gross uaaeliag of the degree of P
allocation in termite nests | used whole nests when no parts teueparated (Table 2.2);
the intermediate part &noplotermesf the Pantanal anBmbiraterme®f the Terra firme,
where the content of P and C was highest in this part; and theat@art of the nests in all
other cases for further evaluations.

Xylophagous termite nests contained between 317 and 1871thdk(Figure 2.2a)
with portions of sum-p between 24 and 72% (Table 2.3). Hg&l-Po was not the dom-
inant Ry fraction, but it had with a proportion of 12—-28% of total P gleér relevance
than in nests of humivorous termites. T@ernitermemest of the Cerrado was an excep-
tion with the highest P content and the lowegtpercentage. The nest was dominated
by HClconeP; with 63% and HCGonePo With 19% of total P (Table 2.3). The biologically
most available resiniRvas the major Pfraction in all nests except the mentiongédrniter-
mesnest (not measured in nestsdasutitermesn the Mata Atlantica and the Caatinga;
Table 2.3). Intriguingly, the nests MicrocerotermesandNasutiterme$ad also a consid-
erable proportion of residual-P, especially in the Pantar@izea and Terra firme. Other
P; fractions were less meaningful, their single portions not esloey 12% of total P.

The amount of total P in nests of humivorous termites was lower ithaests of wood-
feeding termites, it ranged from 275 to 882 mgk¢Figure 2.2b). In contrast to wood-
feeding termites, SumfRlominated in the nests of humivorous termites with approxi-
mately 70% of total P (Table 2.3). Only the nes&mhbiraterme®f the Mata Atlantica had
a higher proportion of sumgPexplaining 58% of total PAnoplotermesnd Termesmests
of the Terra firme and théermesest of the Igapd were characterized by almost 20% resin-
P;. High portions of NaOH-Pwere detected in nests sihoplotermesand Embiratermes
of the Pantanal, 27 and 33% of total P, respectively. Henaajymrous and xylophagous
termites could roughly be separated, but within the feedinlgiggprominent distinctions
between species and ecosystems existed.

The relation of P fractions in termite nests to the correspapfitaction of the reference
soil indicated mostly an enrichment in nests. Resim&s enriched in all nests, but it was
not always significantly different from one Bt< 0.05. The enrichment factor was between
1.6 and 36.5 for xylophagous termites (Figure 2.5a) and btve3 and 16.9 for humiv-
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Chapter 2 Phosphorus forms in Brazilian termite nests and soils
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Figure 2.5 Enrichment for resin-P; in xylophagous (a) and humivorous (b) termite nests in
relation to the corresponding soil. A reference line at 1:1 and the standard error of each bar
are marked. The LI denotes significant (P <0.05) differences between nest and soil P. Note
the different scaling of the x-axis.

orous termites (Figure 2.5b). Except for two wood-feedimgites, this was also true for
NaHCG;-P;, though the enrichment was smaller with a factor up to 11.4 (algitahown).
The third labile fraction, NaOH+Pwas also higher concentrated in nests in most cases,
but was depleted in nests of sorNasutitermesand Cornitermes(Figure 2.6a & 2.6b).
The stable Pfractions showed more variations between termite species. Titerds of
HClconcP; Were six times larger ilinoplotermesests of the Terra firme, and seven times
smaller inNasutitermesests of the Ilgapé compared with the surrounding soil, but it was
mostly at a comparable level in nests and soils (Figure 2.7a & 2Ab@nrichment factors

of HCl¢oneP; were not significantly different from one &<0.05. All R, fractions were
constantly accumulated in nests or at the same level as the cardasgsoil. Figure 2.8a

& 2.8b illustrates the results of NaOHsRnalyses, showing high enrichment factors for
Termeq11.9) and\asutitermeg19.2), both in the Igap6. The two other fractions showed
a similar picture with some outstanding enrichments in termite né$&1CO;-P, was
accumulated to a factor of 21.1 in nests of the xylophagous te@anstrictotermesnd

to a factor of 69.4 inNasutitermesboth in the Caatinga (data not shown). akPo
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Figure 2.6 Enrichment for NaOH-P; in xylophagous (a) and humivorous (b) termite nests in
relation to the corresponding soil. A reference line at 1:1 and the standard error of each bar
are marked. The LI denotes significant (P <0.05) differences between nest and soil P. Note
the different scaling of the x-axis.

was enriched in nests of the Pantanal, with a factor of 3&tmnitermesand up to 94 for
wood-feedingNasutitermegdata not shown).

2.3.2 Carbon content and C/P ratio

The organic C content of the wood samples was between 437 argl08(Figure 2.3d)
and of the soil samples between 16 and 58¢ Kgigure 2.3c). Many nests of wood-
feeding termites had C contents in the same dimension as thatwbtitesamples (Figure
2.3a), but some had low C amounts. This was related to the nestiitgdyageic nests had
the lowest C content, especially those of @@rnitermesn the Cerrado. The amount of C
in humivorous termite nests was constantly higher than thatisdinrounding soil (Figure
2.3b), though the enrichment in the nests varied.

The C/P ratio was generally higher in nests than in soils, buetawan in wood. It
ranged from 11 to 186 (C to total P, both in mgXgn soils, from 627 to 17076 in wood,
from 104 to 943 in humivorous termite nests and from 17 to 136¢/lophagous termite
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Figure 2.7 Enrichment for HClgonc-Pj in xylophagous (a) and humivorous (b) termite nests
in relation to the corresponding soil. A reference line at 1:1 and the standard error of each
bar are marked. The [ denotes significant (P <0.05) differences between nest and soil P.
Note the different scaling of the x-axis.

nests. Consequently, organic C was more efficiently concedtmtide nests than P, de-
spite C may escape in gaseous form.

2.3.3 31P-NMR spectra

Alkaline P extraction foPIP-NMR analysis yielded 18.2 to 88.3% of the total P. Only a
small amount of the detected peaks were inorganic forms. In tha Tieme, diester-p
forms dominated over the more stable monoesgeieRns (Table 2.4).Cornitermesand
Nasutitermesf the Terra firme had a higher proportion of monoestgthan the soil or the
other termite nests. The Terra firme wood had the smallest monoggperifn. The nests
of Constrictoterme®f the Caatinga an@Embiratermesf the Mata Atlantica tended to a
higher proportion of diestershan the soils (Figure 2.9). But the monoestgipBrtions
were in both ecosystems higher than in the Terra firme.
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Figure 2.8 Enrichment for NaOH-P, in xylophagous (a) and humivorous (b) termite nests
in relation to the corresponding soil. A reference line at 1:1 and the standard error of each
bar are marked. The [ denotes significant (P <0.05) differences between nest and soil P.

2.4 Discussion

The contents of P fractions found in soils were similar in maglatto those found by
other authors. The measurements from the Caatinga soil (HapsolAmatch well the
values determined in Luvissolos and Argissolos (see Palmieri,e2G03, Brazilian soll
classification) found by Araujo et al. (2003) and Silveira et(2006). Only the contents
of resin-R were slightly lower in my results. Araujo et al. (2004) reporte@Lvalues
between 171 and 263, which is also in the same dimension like my @#sL®7. | found
an astonishing high P content in the Cerrado (Umbric Acrisol)ehiein et al. (2000) and
Neufeldt et al. (2000) reported much lower values for OxisBlsil(Survey Staff, 1999) of
the Cerrado. Yet, such high P contents were reported for yeaitg) Busato et al. (2005)
found similar portions of total P in a Fluventic EutrochrepBoi{ Survey Staff, 1999),
though the proportions of P fractions were different. In @dsolo Flavico (Palmieri et al.,
2003) described by Silveira et al. (2006) total P content &edptroportion of the stable
fractions were also in the same dimension as in my soils. | only fougttstilower total
P contents with a higher proportion of h soils of the Mata Atlantica (Cambisol) than
Cunha et al. (2007) and Cardoso et al. (2003), however trex latamined an Oxisol (Soil
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Figure 2.9 31P-NMR spectra of the Caatinga. The upper spectrum of an inner nest wall of
a Constrictotermes nest, and the lower one of the soil.

Survey Staff, 1999). And my results of the Terra firme soils (XemEeralsol, Fluvisols)
agreed well with the measurements of Frizano et al. (2003). melasion, | deem my P
analyses to be representative for the range of studied soil iyfBrazil.

The C content in nests of wood-feeding termites is mainly drivgthe C content of
the used wood, it is lower when also soil material is incorporatealthe nest. The nests
of soil/wood interface-feeder termites consists of a mixture dfawd wood materials,
which results in a C content between the values of wood and soitsthus in higher C/P
ratios compared with the surrounding soils. As reported by Antektral. (2002), the C
content in nests of humivorous termites of the Terra firme dependise degree of wood-
feeding. The degree of wood-feeding increased in the gkdeplotermes < Embiratermes
< Termes which was followed by the C content, and also the P compositianged along
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Figure 2.10 Sequential P-extraction and C analyses of humivorous termite nests of the
Terra firme. In the order Anoplotermes < Embiratermes < Termes increased the degree of
wood-feeding within the soil/wood interface-feeding guild (Amelung et al., 2002). The left
bar comprises P; plus residual-P and the right one P,. The  marks the C content and the
error bars indicate the standard error based on the number of samples presented in Table
2.2.

this gradient (Figure 2.10). As a result of different food &g termites incorporate
various amounts of organic matter, which appears in variabt®r@ents in the nests of
termite species.

With accumulation of organic matter, P content is generaligech And indeed, the
amounts of total P and,Rvere, with two exceptiondicroceroterme®f the Caatinga and
Cornitermesof the Cerrado), higher in nests than in soil or wood. But theaanbment
in humivorous termite nests achieved not the same degree as thadbzoeflected by a
higher C/P ratio in the nests. Furthermore, xylophagous nesesmare enriched in P than
in C compared to wood, while the opposite was true compared withvdoere the C/P
ratios were smaller than in nests. Likely, the termites do not oallect organic matter
but preferentially enrich C or P. Brauman et al. (2000) suggdsiat humivorous termites
prefer silt and clay fractions, which would result in higher Giemts from associations
with these texture fractions.

Not only the content of sumgPalso the portion of sum{2was elevated in preference
to other P forms in all nests (excluding the above mentidviexiocerotermef the Mata
Atlantica andCornitermesof the Cerrado). This is in contradiction to Lépez-Herndnde
et al. (1989) who reported indeed higher contents of all m&in mounds oNasutitermes
but only 44% R in contrast to 70% in the soil. In my study it was not only an enrichime
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Table 2.4 Phosphorus composition in alkali extracts as peak areas in percentage of total peak area in 3 P-NMR spectra.
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Sample Feeding group Ortho- Monoester-P Diesterl-P Diester2-P unknown  Pyro- Monoester  Extraction S
phosphate Diester-P  phosphate to diesterl  yield (f.,

6-6.6ppm 3—-6ppm 0.5-25ppm —1.0-0.5ppm —1.5ppm —55-—4ppm and diester2 Q

% of total extracted P ratio % of total P é

Caatinga ;
Constrictotermes, B xylophagous 6.3 43.8 24.6 18.9 6.3 1.01 19.2 N
Soil 3.2 54.9 15.3 13.4 13.1 1.91 18.2 N,
Mata Atlantica )
Embiratermes, B humivorous 45.0 40.0 15.0 0.82 28.6 3
Soil 52.0 40.0 8.0 1.08 88.3 e
Terra firme §
Constrictotermes, A-C xylophagous 5.2 21.2 22.5 42.9 2.5 5.7 0.32 29.2 @
Cornitermes, A+B xylophagous 45.6 7.4 47.1 0.84 45.7 %
Nasutitermes, B xylophagous 42.8 31.2 26.0 0.75 28.7 2]
Anoplotermes, A-C humivorous 9.3 31.8 13.7 45.2 0.54 57.0 g
Embiratermes, A+B humivorous 11.7 25.2 22.1 25.7 15.4 0.53 52.8 a
Termes, B humivorous 4.6 23.2 10.9 34.0 27.2 0.52 82.0 "
Soil 29.2 215 32,5 16.8 0.54 35.6 Q,
Wood 24.1 35.9 40.0 0.32 57.0 ©




2.4 Discussion

of sum-R), but also a variable accumulation of different fPactions. Figure 2.9 showed
an enrichment of labile diester forms in nestGafnstrictoterme®f the Caatinga, which
is in line with an enrichment factor of 21 for the NaH@®, fraction. Yet inside the
nests, the otherfHractions were enriched as well. Especially the KgdPo fraction had
high enrichment factors comparing to soils, which | attributéhi preservation of stable
particulate organic material derived from wood.

When comparing the different; Bractions, it may be resumed that in general labile P
forms were more enriched in the nests than the stable ones (Rdu2.7). The enrich-
ment of NaHCQ@-P, and NaOH-RPin nests of humivorous termites may be related to an
enrichment of fine soil particles (sesquioxides, clay) by termitgsiguingly, such an en-
richment of R fractions normally bonded to sesquioxides was also observee icattion
nests of xylophagous termites, where an enrichment of sesqusodalikely, suggest-
ing that at least parts of these enrichments resulted from direécinsformations in the
nests. The stable; Forms, especially HGhnP; and residual-P, were also accumulated
in nests, but had a smaller proportion of total P than in soils €rat8). This is in line
with Lopez-Hernandez et al. (1989) who found labile watdwisie P was enriched iNa-
sutitermesmounds by a factor of 21 while stable P forms were enriched bytarfat 1.9
only. The wide range of termite genera studied here allows mernerglize this finding:
The accumulation of P in termite mounds creates hot spots, alsgloéhP availability,
within this P deficient environment. These P enriched mound imaéterould be used as
soil amendment as shown by Watson (1977), Batalha et al. (1995Dapdnnois et al.
(2005).

The weakly bonded resin-Ras particularly enriched in nests of wood-feeding termites,
while the other Pforms, which are primarily bonded to minerals, rather accumulatéte
nests of humivorous termites. Hence, the degree to which P biiylas raised depends
on the major feeding guild. Yet, a higher degree of wood-fegdvithin the soil/wood
interface-feeding guild correlated with smaller amounts poffgure 2.10). | suggest,
therefore, that alteration during food digestion and intenaintact with soil minerals al-
tered the P distribution slightly. In contrast to, e. g., ligaimalyses (Amelung et al., 2002),
the feeding guild may not be directly derivable from the P cositpan of the mound.

The degree of P enrichment in the nests depended partly on tbatént in the soils
of the various ecosystems. For instance, the termites of the Tema &nd Igap6 had
large enrichment factors of; PFigure 2.5-2.7), whereas the contents of the respective P
fraction in the soils were low (Figure 2.11a & 2.11b). Simyatiigh enrichment factors
of Py, fractions were observed particular in those ecosystems wheredpective fraction
is lowly concentrated in the reference soil (Figure 2.11c &12).
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Figure 2.11 P enrichment in termite nests of the various ecosystems against the amount
of the P fraction in the corresponding soil. (a) NaOH-P; of xylophagous termite nests,

(b) NaOH-P; of humivorous termite nests, (c) NaOH-P, of xylophagous termite nests, (d)
NaOH-P, of humivorous termite nests.

In summary, the effect of the different species can be classifieollag/s.

— Termites exhibit variable P contents in their different nests. The steepest gra-
dients in P composition across different nest parts were in this méCornitermes
in the Pantanal, who used the outer nest wall not for living lmly éor protective
purposes.

— About 50% of total P in the nests of the wood-feeding genera Myalikely co-
accumulated with the wood and preserved during wood digesAilso. the resin-P

content in the nests was elevated, possibly indicating araéitberof P forms within
the nests.

— Humivorous termites did also enrich P inside their mounds. Mae 60% of this
P were inorganic P forms, but no specific fRaction was representative for this
feeding guild. Portions of ;Rended to be lower in the nests at a higher degree of
wood-feeding inside the soil/wood interface-feeding guild.
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2.5 Conclusion

— The P composition in the nests of the grass-feeder tei@utaitermesof the Cer-
rado was significantly different from that of the wood-feagtarmites.

— Different P stocks in the soils of the various ecosystems inflegtite composition
and degree of P enrichment in the nests.

2.5 Conclusion

All studied termite species alter the composition of materials usadst construction. To-
tal P is widely enriched in termite nests in comparison to soils. érfreehment of labile P
forms and the reduction of the proportion of stabléd?ms documented the selective col-
lection or a modification of the used materials by termites. In ggneesin-Ris enriched

in nests of wood-feeding termites, while soil/wood interfagedler termites have in addi-
tion prominent proportions of other labilg férms. In any case, all these transformations
are beneficial for increasing P availability in these usuallyeRctent environments, thus
supporting the ecological role of termites in tropical ecosyste Yet | have little infor-
mation on the development of those nests over time. Completelydahad termite nests
may be reintroduced into the soil, but also nutrients of the nesisbe released into the
soil. Both sustains and contributes to patchiness and spaticetahgiversity of nutrient
stocks in the tropics.
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Chapter 3

Soil genesis and heterogeneity of phosphorus forms and carbon

below mounds inhabited by primary and secondary termites 1

3.1 Introduction

Tropical ecosystems, especially savannas, show a mosaic of vegetadiontrient patches
in soils (Partel et al., 2008). Both, the occurrence of singded, but also termite activ-
ities may account for those patterns (Salick et al., 1983; Wayget al., 1989; Holdo &
McDowell, 2004; Grant & Scholes, 2006; Obi & Ogunkunle, 2009any studies also
demonstrated that termites influence soil properties by engcbarbon, nitrogen, clay
and exchangeable cations inside their mounds relative t@eerefe soil (e.g. Lee & Wood,
1971b; Lobry de Bruyn & Conacher, 1990; Holt & Lepage, 2000).

Only a few studies addressed the soil heterogeneity below tematends and its im-
mediate vicinity. Watson (1962), Coventry et al. (1988), anzCdrthy et al. (1998) docu-
mented lateral and vertical changes of soil properties framite nests to the surrounding
soils in grid schemes. Watson (1962) showed an enrichment of cddsoimathe cen-
tral part below a termite mound. Coventry et al. (1988) fourat thiesides carbon, also
exchangeable calcium and magnesium were enriched in theataest, and in nest sur-
roundings. McCarthy et al. (1998) reported higher contehtsatcium, potassium, and
phosphorus in, and directly beneath islands in the floodplaiheoOkavango alluvial fan,
which were initiated by termite activity. However, all thrstidies addressed only single
mounds and the temporal development was not regarded.

Besides an effect on single chemical properties, termites mitgrtsdil characteristics
so drastically that soil genesis is affected. Such termiteaelamhpacts on soils were dis-
cussed for the microgranular structure of Ferralsols (Sys, 198teder, 2001; Balbino
et al., 2002; Reatto et al., 2009; Sarcinelli et al., 2008¢, development of stone lines
(Nye, 1955; Jungerius et al., 1999; IUSS Working Group WRHEG)Pand the formation
of plinthite (Yakushev, 1968; Tardy & Roquin, 1992). Yet, we aot aware of studies
addressing also the potential role of termites for revertinggemksis, e.g., by eliminating

1 This chapter was already published in a journal: Riickampgtl. (2012). Soil genesis and heterogeneity of
phosphorus forms and carbon below mounds inhabited by pyiarad secondary termites. Geoderma 170(1),
239-250.
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certain diagnostic horizons that may have formed across sevandrdds of years (dis-
cussed, e.g., for ants; Kristiansen & Amelung, 2001).

The significance of such termite-induced changes could be higgiew older mounds,
because of the longer time periods involved in soil alteratidhiernatively, weathering
and organic matter decomposition in older mounds may cause a de@ktheir nutrient
contents (Roose-Amsaleg et al., 2005). Chapter 5 shows higingtentoncentrations and
lower carbon fluxes in soil water leached out of older moundabitbd by secondary ter-
mites (inquiline species that colonize mounds built by othecigsg than in water from
mounds inhabited by primary termites (the original nest buslpler reference soils. Be-
cause most of the older mounds in savannas are secondarily irthabitequilines (Red-
ford, 1984; Lacher et al., 1986; Domingos & Gontijo, 1996)siin general impossible to
find older nests without termites in the Brazilian savanna @ckery.

Mid-infrared spectroscopy (MIRS), in combination with parteast squares regression
(PLSR), enables accurate determinations of various orgarddnorganic soil properties
with a high sample throughput at low cost. In soil science, MIRSH&en increasingly
used during the last years. Janik et al. (1998) were able to predjanic and inorganic
soil properties; Viscarra Rossel et al. (2006) quartz, clay misarad various organic con-
stituents; Zimmermann et al. (2007) organic carbon fractions watying recalcitrance;
Bornemann et al. (2008) black carbon; and Bornemann et alOj2@drticulate organic
matter and lignin. Accordingly, MIRS also represents the metifathoice to study soil
heterogeneity below termite nests at high spatial resolution.

Consequently, this study was designed to

() understand the impact of an important termite feeding ggtdgs- and litter-feeder)
of the Brazilian Cerrado on soil genesis;

(i) test the suitability of MIRS for quantifying organic cab, as well as organic and
inorganic phosphorus in available and stable P fractions;

(i) see to which degree the spatial heterogeneity of carbwhthe phosphorus forms
differed in the soil under, and adjacent to termite mounds froah in control soils;
and

(iv) evaluate the abundance of organic carbon and phosplienus as an indicator of
chronological development from younger mounds to older onbghmvere built by
the same termite species, but already inhabited by secondarydsrmit
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3.2 Materials and methods

3.2 Materials and methods

3.2.1 Study site

The study was conducted on the farm of the Instituto Ecolédital’s, 48°10°'W, 630 m
above sea level) in Taquarucu, 20 km southeast of Palmas, ToxaBtawil (see Figure
2.1), in the dry season 2006. The mean annual temperature irghisns 24 °C, and the
mean annual rainfall is 1800 mm with a 5-month dry season from M&gepember. The
natural vegetation is savanna (Cerrado sensu lato), but the digturbed. The area burned
in 2002, and it is now used as an extensive pasture. The domires# igBrachiaria sp,
and the most abundant tree specig3asyocar brasiliens€amb, but also trees &iclerolo-
bium paniculatunVogel, Rauvolfia sellowiiMull. Arg., Eremanthus spandByrsonima
verbascifoliaRich. ex Juss. occur. The density of all trees (trunk diameter »Gnvas
40 hat.

3.2.2 Sampling

The whole study area had a density of epigeic mounds of variomstéespecies of 72 ha
Flat dome-shaped mounds @brnitermes silvestrjiwhich feeds on grass and litter (Gon-
tijo & Domingos, 1991; Marques, 2008), were most abundant andtseléor the study
(see Figure 5.1). | examined three sites with nests which loalesth fand were primarily
inhabited byC. silvestrii three sites with old nests, which were apparently constructed b
C. silvestrii but were now abandoned, weathered, overgrown by mosses, dlydmizab-
ited by other termite species as secondary inquilines, mostly Nesoaés kemneri; and
three reference solil sites (Table 3.1). The control sites warated 5 m away from termite
nests at minimum and showed no evident termite influence, but somédespecimens
were found during sampling (Table 3.1).

Four soil transects from the site center to the cardinal poietg\wdug at every sampling
site. Samples were taken at every transect width of 0, 40, 8Q,2hdm at the depths of 10,
30, 60, and 100 cm. Horizon boundaries were avoided and samplestaken 5 or 10 cm
above or below. Mounds were sampled 5, 20 and 35 cm above the daitesif existing.
Sampling was done with five 100 énoores at each sampling point. All samples were air
dried immediately and balanced for calculation of the bulksitgnThen the samples were
sieved to <2 mm, and subsequently ground with a ball mill.

41



Chapter 3 Soil genesis and heterogeneity of P forms and C befowté mounds
3.2.3 Chemical analyses

The following analyses used for solil classification were only grened for the samples
of the center of each sampling site. Particle-size distributias analyzed with the sieve-
pipette method according to Kéhn (1928) and the DIN standati (80O 11277, 2002).
Organic carbon (OC) and total nitrogen were determined usiigans NA 2000 elemental
analyzer (Fisons Instruments, Rodano, Milan, Italy). The pHmwaasured in supernatant
in water (1:2.5 w/v) with a glass electrode (Wissenschaftliebhhische Werkstatten, Weil-
heim, Germany). The determination of the potential cation arghk capacity (CEge)
and exchangeable bases f6aMg?*, K*, Na") was done with ammonium acetate fol-
lowing Summer & Miller (1996). The bases were measured with flammiatabsorption
spectroscopy (AAS, AAnalyst 300, Perkin Elmer, Shelton, USAY the analysis of am-
monium for the CEGqt determination was done with a spectrophotometer (SPECORD
205, Analytik Jena, Jena, Germany) following Keeney & Nelsor82)9Free pedogenic

Table 3.1 Metrics (Height, diameter in south-north (S—N) and east-west (E—W) direction)
of sampled mounds, and the termite species detected at each site.

No. Diameter Height Termite species Termite feeding habit
S—N E-W
cm
Reference soils
1 Dihoplotermes inusitatus soil/wood interface-feeder?
Procornitermes arauijoi grass- and litter-feeder ® b
2 Embiratermes silvestrii unknown
Labiotermes emersoni soil/wood interface-feeder ©
3 Dihoplotermes inusitatus soil/wood interface-feeder?
Cornitermes silvestrii grass- and litter-feeder ® ©
Mounds inhabited by primary termites
1 114 136 33 Cornitermes silvestrii grass- and litter-feeder & ©
Nasutitermes kemneri wood- and cattle dung-feeder @
Serritermes serrifer wood-feeder ©
2 132 144 42 Cornitermes silvestrii grass- and litter-feeder & ©
3 88 91 18 Cornitermes silvestrii grass- and litter-feeder ® ©
Mounds inhabited by secondary termites
1 118 96 35 Nasutitermes kemneri wood- and cattle dung-feeder @
2 115 89 34 Nasutitermes kemneri wood- and cattle dung-feederd
Armitermes euamignathus wood- and grass-feeder® P
Embiratermes festivellus soil/wood interface-feeder 2
Labiotermes orthocephalus soil/wood interface-feederf
3 112 127 42 Nasutitermes kemneri wood- and cattle dung-feederd
Procornitermes araujoi grass- and litter-feeder”

2 Gontijo & Domingos (1991); P Coles de Negret & Redford (1982); ¢ Marques (2008); ¢ Freymann et al.
(2008); € Donovan et al. (2001); f Constantino et al. (2006)
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Fe- and Al-oxides (Fgand Aly) were extracted with dithionite-citrate buffer (Mehra &
Jackson, 1958); and amorphous, active oxideg @fel Aly) with acid oxalate solution
(Schwertmann, 1964). Fe and Al were measured with an indugtbeelpled plasma spec-
trometer (ICP-OES, JY70PLUS, Jobin Yvon, Edison, USA).

Phosphorus measurements were the basis for the following MIFSERRiredictions.
The measurements were performed for one replicate of eachemetesoils and sites with
mounds inhabited by primary and secondary termites. NagiE@nd HC¢oncP were
identified as the relevant labile and stable phosphorus forniseirstudied termite nests
(Chapter 2). The extractions were done accordingly to Olseal. €1954) and Colwell
(1963) for NaHCQ@-P, and to Metha et al. (1954) for HGhP. NaHCQ-P refers to labile,
easily available P, and HggneP to potentially bioavailable organic PP and to very
stable inorganic P (P (Tiessen & Moir, 1993). Pwas determined in both extracts by the
Molybdenum-Blue-method (Murphy & Riley, 1962) with a spectiofpmeter. Total P in
the extracts (B was measured with an ICP-OES, Was then calculated by difference of
P and R.

3.2.4 MIRS-PLSR

Mid-infrared spectra (MIRS) measurements for all samples werentaising a Bruker
Tensor 27 (Bruker AXS, Madison, USA) equipped with an automaigh-throughput
device. About 20 mg ground soil material were transferred to mplates and compacted
with a plunger to provide a plain and dense surface for speciposomeasurement of the
diffuse reflectance. Five replicates of measurements, each ®ngdi20 scans, were
conducted for each sample in order to minimize errors in specipascteasurement. A
partial least squares regression (PLSR) quantification of O®drattions with the OPUS
QUANT software (2006, Bruker AXS, Madison, USA) followed. liting the PLS 1
algorithm (Martens & Nees, 1989), the software decomposes thepltdted in the spectral
matrix and the laboratory data matrix into latent variableadings). For each sample set,
| conducted calibration procedures employing leave-ortefoll-cross validations (Efron,
2004). Measured spectra that obviously did not fit the prediatimdel or exceeded the
properly described range were treated as outliers and renfimedhe sample sets. After
removal, the full-cross validation was repeated.

Apart from the coefficient of determination{Rbetween measured and predicted values,
the predictive power of the spectroscopic measurement was alstagsti by calculating
the root mean square error of cross validation (RMSECV), whiclukshbe minimized in
the validation procedure. Further on, | calculated thetikadgercent deviation (RPD) as
dimensionless quality parameter. The RPD represents the quotistandard deviation
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of the reference data and standard error of the calibrationggiures. The higher the
RPD value, the better the predictive power of the calibratitodel. Chang et al. (2001)
even reported that RPD values >2 might be sufficient for theigtied of various soll
properties. Finally, the prediction models with the best staisparameters were used.
Table 3.2 summarized the settings of the prediction models usd¢bdda@stimation of OC
and P fractions.

3.2.5 Data analyses

The spatial patterns of soil properties were illustrated usigrig with standard settings
of the software program Surfer 8 (Golden Software, 2002, &glt)SA). The generated
maps were compared using the fuzzy numerical algorithm witlariMhp Comparison Kit
3.2.0 (Research Institute for Knowledge Systems, Maastricht Ngikerlands; Visser &
de Nijs, 2006). Before doing this, maps with normalized (mean =abidsird deviation =1)
values were constructed, which enabled me to compare maps veigjualunits. The fuzzy
algorithm takes neighboring values into account (neighbod radius 15 cm, exponential
decay); in this respect the map comparison has advantages divby @Il regression
analyses, also because a similarity map, in addition to the averagjargy index for
the whole comparison, is produced. The similarity index can gates between 0 (no
similarity) and 1 (absolute similarity). Differences betweeonugps were examined with
an analysis of variance (ANOVA), and the Scheffé test as postiést for comparisons
of more than two groups. The significance level was sét €0.05. The ANOVA was
conducted with SPSS 14.0 (SPSS Inc., 2005, Chicago, USA&) phbtographs of the soil
transects were rectified by using ShiftN 3.5 (Marcus Hebel92&#lingen, Germany).

3.3 Results

3.3.1 Soil under termite mounds — morphological changes and classification

Table 3.3 summarizes the chemical soil properties and the gasie distributions mea-
sured at the center of each sampling site. In general, the soisrelatively rich in organic
material (topsoils: 13.4—41.5 g C#y, had a high Fe content (Fe100.6 —131.6 gkg in
the topsoil), and had a very low base saturation. The refereteseasid the ones with pri-
marily inhabited mounds had an argic horizon (IUSS Workingupra/RB, 2006; argillic
horizon according to Soil Survey Staff, 2010), reflected lwy lhigher clay contents than
the overlying horizons. Consequently, the soils at the reteresite centers were classi-
fied as Alisols, if the CEgot to a depth of 50 cm was greater than 24 cokatt clay, or
as Acrisols, if the CEgot was lower than 24 cmekg clay (Table 3.3 & 3.4; Figure 3.1;
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Table 3.2 Settings and statistical parameters of the calibration models for predicting soil variables by mid-infrared spectroscopy and partial
least squares regression (MIRS-PLSR).

Soil variable Samples Data Pretreatment Spectral Ranges Latent Outliers? R?P RPD® RMSECVH
variables

cm?
Organic carbon 53 first derivative + MSC® 5382-883 8 0 0.99 6.76 0.16
NaHCO3-P; 165 none 3230-725 9 15 0.62 1.63 3.74
NaHCO3-P, 127 first derivative 3760-3311, 30762756, 24202266, 1585-1240 5 8 0.71 1.86 5.92
HCleonc-P;j 165 first derivative + MSC  2601-748 11 13 0.80 226 41.7
HCleonc-Po prediction was not possible

2 number of measured spectra removed from the calibration set, which consists of five times the number of samples; ? coefficient of determination; ¢ relative
percent deviation; ¢ root mean square error of cross validation; ¢ MSC = multiplicative scatter correction
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Table 3.3 Particle-size distribution and chemical soil properties of the soils at each sampling site center.

Horizon Sand  Silt Clay 0oc? N pH CECpt®  Ca**  Mg** K* Na* Feq® Feo Alg®  Alf
cm % of fine earth gkg? cmolc kgt gkg™
Reference soil no. 1

0— 26 75.1 6.9 18.0 32.7 1.40 4.6 14.02 0.07 0.04 0.06 0.01 131.6 3.7 19.2 1.8
26— 75 51.4 19.9 28.7 12.8 0.66 5.4 7.04 0.02 0.01 0.02 0.01 154.8 2.6 234 1.3
75— 100+ 51.8 27.4 20.8 4.7 0.20 5.4 3.72 nd? nd nd nd 152.0 1.3 15.6 0.7
Reference soil no. 2

0— 26 66.4 11.6 22.0 134 0.68 4.9 9.00 0.24 0.01 0.05 0.01 114.4 3.6 15.8 1.3
26— 46 49.5 17.2 33.3 14.5 0.76 5.0 7.51 0.01 0.04 0.23 0.01 1411 2.8 21.1 14
46— 100+ 50.2 24.8 25.1 10.1 0.47 5.2 6.42 0.01 0.03 0.04 0.04 1411 2.2 21.1 1.2
Reference soil no. 3

0- 25 60.5 10.6 29.0 17.6 0.97 5.0 7.98 0.50 0.03 0.05 0.02 129.3 3.3 20.5 1.3
25— 100+ 46.5 17.5 36.0 9.4 0.43 5.3 5.79 0.15 0.03 0.03 0.02 151.7 2.3 21.1 1.2
Mound inhabited by primary termites no. 1

0- 28 55.2 19.1 25.7 415 1.91 4.5 14.65 1.42 1.82 0.21 0.02 119.3 2.5 19.8 1.3
28— 85 52.3 13.9 33.9 13.9 0.62 5.5 6.36 0.06 0.04 0.02 0.02 1214 2.3 18.8 11
Mound inhabited by primary termites no. 2

0- 20 52.9 23.0 24.1 39.1 1.91 4.7 13.57 1.31 2.02 0.20 0.02 130.5 2.8 18.9 1.3
20— 60 46.3 20.2 335 18.2 0.91 5.3 8.16 0.35 0.53 0.06 0.01 175.2 24 24.2 1.2
60— 100+ 52.9 18.3 28.8 7.4 0.36 5.3 3.89 0.01 0.02 0.00 0.00 152.6 1.9 15.6 1.0
Mound inhabited by primary termites no. 3

0-— 45 59.5 17.0 235 254 1.29 5.2 8.69 0.79 0.99 0.15 0.02 130.4 2.6 18.8 1.3
45— 67 53.8 18.1 28.0 14.7 0.73 5.0 7.02 0.10 0.18 0.09 0.05 144.6 3.0 214 1.3
67— 100+ 48.6 25.8 255 6.1 0.30 5.4 331 0.04 0.01 0.00 nd 150.7 1.9 19.1 1.0
Mound inhabited by secondary termites no. 1

0— 29 57.9 13.9 28.2 27.6 1.25 4.1 10.96 0.09 0.07 0.06 0.02 100.6 34 15.9 15
29— 54 59.8 12.2 28.0 18.4 0.92 4.4 9.67 0.08 0.07 0.05 0.04 108.2 3.1 15.0 14
54— 100+ 57.4 13.4 29.2 11.4 0.54 5.9 7.26 0.08 0.06 0.01 0.02 125.6 2.6 18.2 15
Mound inhabited by secondary termites no. 2

0- 60 49.4 20.3 30.4 32.5 1.88 5.2 12.37 0.45 0.61 0.17 0.02 117.6 3.2 20.5 1.6
60— 100+ 50.9 27.5 21.6 7.3 0.28 5.6 4.14 0.60 0.03 0.01 0.02 136.6 1.9 18.6 1.0
Mound inhabited by secondary termites no. 3

0- 18 53.5 19.8 26.6 33.5 1.73 3.9 13.58 0.81 0.62 0.11 0.02 124.3 3.6 18.9 1.7
18— 60 52.8 18.8 28.4 125 0.60 5.2 6.10 0.32 0.09 0.00 0.02 128.0 2.7 19.3 1.3
60— 100+ 48.6 24.5 26.9 7.2 0.31 5.4 4.16 0.11 0.05 0.00 0.02 139.0 1.3 13.0 0.7

2 grganic carbon; P potential cation exchange capacity; ¢ free pedogenic Fe-oxides; ¢ amorphous Fe-oxides; € free pedogenic Al-oxides; f amorphous Al-oxides;

9 nd = below limit of detection
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3.3 Results

@

Figure 3.1 Photographs of soil transect parts at (a) the reference site no. 2, (b) the site no.
2 with a mound inhabited by primary termites, and (c) the site no. 3 with a mound inhabited
by secondary termites. The horizon and nest boundaries were drawn with respect to the
rectified photographs; therefore, they may slightly differ from the data in Table 3.3, Figure
3.4, 3.5 & 3.8-3.11. Note that the mound in (b) was opened at the left side before the
photograph was taken.

IUSS Working Group WRB, 2006). According to Soil Survey ${@010) the soils were

classified as Ultisols (Table 3.4). There were no changes irathail classification be-
low mounds inhabited by primary termites in comparison to thereefee sites. However,
the soils below mounds inhabited by secondary termites had ttabsifted as Umbrisols,
because at these sites no argic horizon was present, whereaaghedtic criteria for an

umbric surface horizon were fulfilled (Table 3.3 & 3.4; Figurd)3 These umbric hori-
zons are generally rich in organic matter and require a sutfaclkeness of 20 cm or larger,
which has either been reached directly (for two of the thresskior may be reached af
ter mixing the first 20 cm of soil (for the third site). Also the SaélXbnomy classification

(Soil Survey Staff, 2010) was changed under mounds inhabjtsgcondary termites. The
soils had to be classified as Inceptisols (Table 3.4).

3.3.2 Soil properties under termite mounds

Significant differences for some mean soil properties relevaatfar soil classification (for
OC see Section 3.3.3) were observed when comparing the top8ain3ampling depth)
of the reference site with samples from 10 cm depth below groemel under mounds
inhabited by primary and secondary termites. The average dsriBexchangeable €4

Mg2*, and K" were significantly higher, and those of feere significantly lower below
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Table 3.4 Soil types at the nine site centers classified accordingly to WRB (IUSS Working
Group WRB, 2006) and to Soil Taxonomy (Soil Survey Staff, 2010).

No. WRB classification Soil Taxonomy classification
Reference soils
1 Umbric Alisols (Humic, Hyperdystric, Skeletic, Chromic) Ustic Haplohumults
2 Umbric Acrisols (Humic, Hyperdystric, Skeletic) Ustic Haplohumults
3 Umbric Acrisols (Humic, Hyperdystric, Skeletic, Chromic) Ustic Haplohumults
Mounds inhabited by primary termites
1 Umbric Acrisols (Humic, Hyperdystric, Skeletic, Chromic) Ustic Haplohumults
2 Haplic Alisols (Humic, Hyperdystric, Skeletic) Ustic Haplohumults
3 Umbric Alisols (Humic, Hyperdystric, Skeletic) Typic Humustepts
Mounds inhabited by secondary termites
1 Haplic Umbrisols (Humic, Hyperdystric, Pachic) Typic Humustepts
2 Haplic Umbrisols (Humic, Hyperdystric, Pachic, Skeletic) Typic Humustepts
3 Haplic Umbrisols @ (Humic, Hyperdystric, Skeletic) Typic Humustepts

&umbric horizon identified after mixing of the upper 20 cm of the mineral soil (IUSS Working Group
WRB, 2006)

primarily inhabited mounds (Figure 3.2). The values below sdaaly inhabited mounds
were in-between those of the primarily inhabited sites and dfierénce soil, but were
not significantly different from the latter. The pH{B) was lowest at 10 cm depth below
secondarily inhabited mounds (Figure 3.2); and the contdrddtpbut not those of clay,
were significantly elevated below both types of termite moukdgufe 3.2; averaged data
not shown for clay contents). While the contents showed diftevalues for mound and
reference sites, the overall stocks of elements and partidesadiexhibit differences for
the whole 100 cm soil profile. This suggests that differences iinheterogeneity were
mostly due to redistribution of these particles in the soil pradite not by a site-inherent
heterogeneity, though the mounds itself were not analyzedlf@oil properties. Only
the exchangeable Mg stock in the 100 cm soil profile was significantly higher below
primarily inhabited mounds than below the secondarily infebrounds or the reference
soil (data not shown).

3.3.3 Carbon patterns in soils surrounding termite nests

To be able to use the material from all nine sites at reasonablda@ol, the assessment
of nutrient patterns was based on MIRS-PLSR analyses. Thecpigdof OC contents
using MIRS-PLSR was excellent as shown in Figure 3.3a, which also confirmed by
the statistical parameters in Table 3.2.

Averaged OC contents (n=3) based on the MIRS-PLSR predgtenreased in the ref-
erence soil from the topsoil to the subsoil from 18.5 g Gl 10 cm depth to 6.5 g C kY
in 100 cm depth (Figure 3.4). The highest OC contents wereddauprimarily inhabited
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Figure 3.2 Averaged contents (n=3) of exchangeable cations (a: Ca?*; b: Mg?*; ¢: K*),
(d) pH(H20), (e) Feo, and (f) silt at 10 cm soil depth in reference soils, soils under primar-
ily (Prim) and under secondarily (Sec) inhabited termite mounds. Significant differences
(P <0.05) were marked with different letters.

nests with an average of 35.3 g Ckin the above ground nest parts, and 37.7gC ky
10 cm soil depth at the site centers, which was also part of thethastexceeding the re-
spective OC contents of the reference topsoil by a factor cidd®.0, respectively (Figure
3.4). The OC enrichment in the mounds inhabited by secondanjteey was also evident,
though less pronounced (factors of 1.5 and 1.9, respectivgyre 3.4). Similarity indices
of OC patterns in soils under mounds and at the control sites shtive¢ higher carbon
contents were found to a lateral width of 120 cm and to vdrtiepth of 50— 70 cm (Figure
3.6a), below both, primarily and secondarily inhabited mourissimilarities at depths
of 100 cm were caused by a high coefficient of variation at tesll in the reference soils.
It was four times higher than at the upper sampling depths, phpbaflecting variable
stone contents at that depth.
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Figure 3.3 Predictions of (a) organic carbon, (b) HClgone-Pi, (c) NaHCO3-P,y, and (d)
NaHCO3-P; by mid-infrared spectroscopy and partial least squares regression (MIRS-
PLSR) in comparison to conventional analyses. Predictions from five individual spectro-
scopic measurements are plotted per sample. The organic carbon prediction was done with
a set of 53 samples, and the predictions of phosphorus pools with 165 or 127 samples.

Apart from OC contents, also OC stocks were raised in the soilsvbmlounds (Figure
3.7a). The stock was slightly but consistently higher below tloesaarily than below
the primarily inhabited mounds, which could be attributed ®ltdwer bulk density in the
topsoil below primarily inhabited mounds (Figure 3.5). If OGitents of the mounds were
included in the stock calculation, the total OC stocks werendvgher for both mound

types.
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Figure 3.4 Interpolated patterns of organic carbon (predicted by MIRS-PLSR) in represen-
tative transects (n=1) of the reference soils (top), the mound sites inhabited by primary
(center) and the ones inhabited by secondary termites (bottom). The sampling points are
marked and denoted with the predicted/measured value. Lines mark the termite nest bound-

aries.
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Figure 3.5 Interpolated patterns of bulk density in representative transects (n=1) of the
reference soils (top), the mound sites inhabited by primary (center) and the ones inhabited
by secondary termites (bottom). The sampling points are marked and denoted with the
predicted/measured value. Lines mark the termite nest boundaries.
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3.3 Results

3.3.4 Phosphorus patterns in soils surrounding termite nes ts

The success in the prediction of P fractions by MIRS-PLSR waabie. It was not possi-
ble to determine HGhnPo by MIRS-PLSR, whereas HgdnP; could be estimated well
(Table 3.2; Figure 3.3b). The determination of NaHER) and NaHCQ-P, by MIRS-
PLSR could be done, but it was more imprecise than for OC oréaecP; (Table 3.2;
Figure 3.3c & d). Hence, the patterns of P fractions are lesarate than those of OC;
nevertheless some consistent changes in the P distribution detomvdunds could be re-
vealed.

The MIRS-PLSR predictions showed similar trends across soihgdpt NaHCQ-P;
and NaHCQ-P, contents at the reference sites (Figure 3.6, 3.8 & 3.9). Thass ek-
hibited averaged phosphorus contents of 11.3 mg+skgl for the NaHCQ-P; fraction,
and 20.5 mg P kg soil for the NaHCQ@-P, fraction at 10 cm soil depth. On the contrary,
the other three sampling depths had only average contentstaigiP kgt soil for the
NaHCQ;-P; fraction, and 15.0 mg P kysoil for the NaHCQ-P,, fraction. Termite mounds
and the nest parts below the ground level (to approximatelyn88ail depth) were en-
riched in these P forms relative to the reference soil at 10 crthdeprichment factors for
NaHCG;-P; 1.1-1.6, and for NaHC®P, 1.3—-2.1). The enrichment was slightly higher
in mounds inhabited by primary termites relative to those inlealldy secondary ones. Ele-
vated NaHC@-P; contents extended to widths of approximately 120 cm, and talspths
of 50—-60 cm below the ground level (Figure 3.6b). NaHc®R3 was as well enriched to
depths of 50-60cm directly below the mounds, but a trend foteadhinfluence could
not clearly be observed (Figure 3.6c). Some values were ingigeer at the mound sites,
but also the opposite or no differences were found. In summangjtes exhibited similar
effects on the distribution patterns of NaH&®, and OC, though the enrichment level
was different.

As observed for the OC stocks (Figure 3.7), also the NagiRBtocks were increased in
the soil under termite mounds in comparison to the reference sgainAthe accumulation
was a bit less pronounced below primarily inhabited moundsltletow secondarily inhab-
ited mounds. The inclusion of mounds into stock calculation raisedtocks further, but
the observed trends remained identical. As the Naki@contents were twice as high
as the NaHC@-P; contents, also the NaHGEP, stocks exceeded those of NaH&Q
stocks at all sites.

The predictions of HGbneP; by MIRS-PLSR showed a similar content in all samples
(Figure 3.10). Thus there was little if any effect of termite@sHCloncP;. As the contents
of HCl¢onePo could not be predicted by MIRS-PLSR, the results (Figure )3 \Mhich are
based on chemical analyzed data for one replicate only, itedacaend to higher contents
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Figure 3.8 Interpolated patterns of NaHCO3-P; (predicted by MIRS-PLSR) in representative
transects (n=1) of the reference soils (top), the mound sites inhabited by primary (center)
and the ones inhabited by secondary termites (bottom). The sampling points are marked
and denoted with the predicted value. Lines mark the termite nest boundaries.
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marked and denoted with the predicted value. Lines mark the termite nest boundaries.
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Figure 3.10 Interpolated patterns of HClonc-Pj (predicted by MIRS-PLSR) in representative
transects (n=1) of the reference soils (top), the mound sites inhabited by primary (center)
and the ones inhabited by secondary termites (bottom). The sampling points are marked
and denoted with the predicted value. Lines mark the termite nest boundaries.
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and stocks in the secondarily inhabited nest, but this nest hadty ;mside, and therefore,
the prominent nest center was missing.

3.4 Discussion

3.4.1 Soil genesis and changes in the soil horizons under ter mite mounds

The properties of the reference soils were significantly cbffie from those under the ter-
mite mounds inhabited by secondary termites. Little is known catesjres of termites
for selecting a site for mound construction. Nevertheless, sireeedlh types were not al-
tered below the nests inhabited by primary termites, there isdioation that different soil
properties below the mounds are due to a intentional selectioncrosites with different
properties for nest construction. The secondary inhabitastpportunistically used the
mounds erected by the primary nest builders, and hence, the segdadnites were not
the ones that had actively selected the soil microsite. Therdiftesoil types below the
mounds inhabited by secondary termites provide evidencettbaetmites’ activities were
responsible for the differences between soils under termite dsoand the reference soils.
This termite influence on the soil was sulfficiently large to eveange diagnostic criteria
for soil classification. The resulting solil type is an Umbrisol. Itwacks the former il-
luvial enrichment of clayey particles in the subsoil horizore da physical re-allocation
of soil particles by the termites. In temperate soils, a similar ro&od fauna in soil for-
mation, for instance, was attributed to ants, which seem to pmithetdisappearance of
bleached E and spodic B horizons below their nests (KristiansAmé&lung, 2001).
Through selective translocation of fine soil particles by tegmjithe silt contents were
1.9- to 2.0-fold higher and clay contents were 1.1- to 1l@-Fagher in the topsoils below
mounds than in the control topsoils. Many authors reported aclenent of clay in termite
mounds, but in most cases silt was also enriched (e.g. Holt & Lep@§®; Fall et al.,
2001; Jouquet et al., 2002). The origin of the finer partickesriknown forCornitermes
mounds, but they could (partly) originate from the argic hamizbecause this horizon was
not only missing below secondarily inhabited termite mounds, alsalidy content was
lower at the respective depth below the secondarily inhaltéadite mounds. The two
uppermost horizons below the secondarily inhabited mounds lagdcontents of 28 and
29%, respectively; while the other soils had, on average, 2d%oiic the topsoil, and 32%
in the argic horizon. The collection of soil materials fromiatgorizons was also suggested
by Abe et al. (2009b) for African termites. | conclude that thenites influenced soil
genesis at least directly below their mound by physical transygpsoil particles. As a
result, the argic horizon disappeared and the former lessivatsreversed. It is one of
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the rare evidences that soil fauna may reverse end stages ofreadtion, where, in this
case, an argic horizon might re-develop when the termites aenab

Higher amounts of OC,fand exchangeable cations E&¢aMg?*, K*) corresponded to
the incorporation of organic matter into the mounds. It is obsithat the OC content was
elevated by the introduction of organic matter, but also thi®caontent can be enhanced
by the consumption of plants by termites as proposed by Watsorb)Ed Sheikh &
Kayani (1982). Higher cation contents could, in princiglisp be caused by the transport of
minerals or clay from deeper layers into the mound as stateceabtowever, if | calculate
the cation content per kilogram clay, as it was also done bysWa(1975), Mg* was
still enriched 51-fold in the soil under the mounds inhabiteghbgnary, and 12-fold under
those inhabited by secondary termites. Hence, the highéf bantent was not induced by
a clay transport into the nest. Such high enrichments of avail?* in termite mounds
in comparison to reference topsoils as found in my study were spaeggbrted. Salick
et al. (1983) and Fageria & Baligar (2004) documented enrichraetors of 10-100 and
20, respectively, for South America as well; and Lee & Wood (&) found factors up to
60 for Australian termite mounds. The amount of exchangeable basé$salso enhanced
by a modification of exchange sites following a chemical alierabf the organic matter
or the minerals by termites, which shown by Mujinya et al. (20I68jmites can alter such
materials by passage trough their gut and the use of saliva arglffeceest construction
(e.g. Wood et al., 1983; Bagine, 1984; Ndiaye et al., 2004b).

The mapping of similarity indices revealed the same patterns @a@d available P
forms (Figure 3.6a & b). Hence, an alteration of incorporaigghnic matter likely also
reflected the patterns of P, where the amount of staplerRained at the same level at
the mound sites like in the reference soil, but the availablgdetion was greater at the
mound sites. HGhneP; comprised 95% of totaljAn the soils and mounds of the study
area (Chapter 2), and hence, the content of tqthbE an equal level in mounds and soils.
Because the termites did not change the totdé¥el, | suggest that availablg ®as not
preferentially collected but that the availability of P wdmanged by termite activity. Wood
et al. (1983) explained the higher P availability in moundsaif-feeding termites with a
dissociation of organic and inorganic complexes in the extrdkadiae hindgut of those
termites. Additionally, LOpez-Hernandez et al. (1989; ); @fated that the high content
of organic matter in mounds influences the P sorption-desorpiionesses. However,
the drainage water of mounds and reference soils in the same steayexhibited no
significant differences of the phosphate concentration (&n&).
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3.4.2 Spatial extension of termite effects on adjacent soil

The termite influence is not restricted to the nesting area asteeactivity or a relocation
of nest material both interfere with the surrounding soil. Thessitith mounds exhibited
higher contents of OC and NaHGE® relative to the reference sites down to soil depths
of 50—60cm, i.e. a region still within the lower part of the nekivyn to 30 cm depth) or
directly below the nest. Different depths of termite impactssoi properties are found
throughout the literature. The reported depths are gretdestingus-growing termites
with up to 6 m (Watson, 1962; Arshad, 1981; Lal, 1987), but lespder soil- or grass-
feeding termites. The latter exhibited, similar to the grassdeadd litter-forager termite
C. silvestriiin my study, a general influence to 30—80cm soil depth (Holt & @Qtye
1982; Coventry et al., 1988), although the information was sones limited by the sam-
pling depth (Steinke & Nel, 1989). A similar vertical influenaithe grass-feeder termites
was thus found in Australia, Africa (both in former studies) andt® America (this study),
suggesting that these gradients are rather typical below #8te okthis feeding guild.

Beside vertical effects, termite mounds also have an impact omtigel adjoining soil.
Effects of C. silvestriiand the secondary termite associations on the OC and NgHR_O
amounts in the adjoining soil were evident approximately 20 @ddm away from the
mound border (Figure 3.6). The effects may even reach farthierboit sampling was
only done to 60 cm from the nest border. This is rather at the smahge of lateral ef-
fects reported by Arshad (1982) (fungus-growing termites),eDay et al. (1988) (grass-
and litter-feeder termites), Park et al. (1994a) (grass-feetirmites), and Ekundayo &
Aghatise (1997) (fungus-growing termites), who documentectknrents of various soil
properties like OC, P, ammonium and nitrate up to a distances-a03n, 40cm, or 1 m
from the mound edge, and at the mound margin, respectiveitermes spinfluenced
the lateral pattern of perylene in the Cerrado also to a distafic- 1 m from the nest
(Wilcke et al., 2003). On the other hand, Ndiaye et al. (2@&b®wed enrichments of avail-
able P, nitrate and ammonium in the mounds of African soil-feggtBmmites, but not at the
mound edge or 40 cm away from the mound. Those results corresptimohwiindings for
NaHCG;-P,, which was also not enriched in the lateral surroundings aofitermounds.
The lateral influence noticed in the different studies wagelated to nest density (Coven-
try et al. (1988): 283 mounds Ha Park et al. (1994b): 120 — 205 moundsthany study:
72 mounds h&; Ekundayo & Aghatise (1997) only 2—5 moundsha Hence, | deduce
that the influence on certain soil properties depends on #peoéive termite genera.
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3.4.3 Differences between mounds inhabited by primary and s econdary termites

If I interpret the mounds inhabited by secondary termites asessoanal stages of initial
ones inhabited by primary termites, | can see a chronologicaldement of the termite
mounds. Roose-Amsaleg et al. (2005) documented the same trendgdmicomatter,
Pi, CEGyot and exchangeable €ain reference soils, mature and old nests of an African
soil-feeding termite like in my study. The highest enrichment caeg#o the control soil
was found in the mature or primarily inhabited nests. In oldersdbe values of the
chemical soil properties declined, but still remained highantim the control soil. Very
young and freshly made constructions even exhibited the higladses in the study of
Roose-Amsaleg et al. (2005). In an accompanying study, | founchachenent of lignin
in the primarily as well as in the secondarily inhabited nestgreés the former exhibited
the highest lignin contents (Chapter 4). It is conspicuoustthsdecline of organic matter
and nutrient contents occurred in still inhabited mounds.

Aside from chemical changes, the older mounds of my study had arHighiedensity.
This pointed to the implications that parts of the mound weteised by secondary termite
colonies and the galleries were not rebuilt, as well as tdditi@nal soil material was
incorporated into the nests, as, e.g., also reflected by the Itiss afgic horizon below the
nests inhabited by secondary termites. Likewise, the highestsnof OC and Pwere
recorded in the lower parts of the nests inhabited by secorndanytes compared to upper
parts in the nests inhabited by primary termites (Figure 3.4%. 3 his could be attributed
either to the action of the secondary termite colonies or topdetien of organic matter
in the above-ground nest part. A decay of the older mounds sassabported by higher
nitrate concentrations in the soil water draining from thoseimas compared to younger
mounds (Chapter 5). Also a higher degree of lignin oxidatiothese mounds relative to
that in the mounds inhabited by primary termites indicateddh&ast parts of the mound
materials degraded (Chapter 4). Hence, | can summarize thatdéeroounds decayed
partially despite secondary termite colonies were active.

Intriguingly, the largest changes in soil OC and P forms pastdrd already occur under
the mounds inhabited by primary termites and not under thos#iirgtiaby the secondary
ones, whereas the largest changes observed for the basic seitmspvere evident under
the mounds of the secondary termites and not under those of thargrones. | hypoth-
esize, therefore, that the changes in soil type are not evatenigh to affect soil classi-
fication below the mounds inhabited by primary termites durmitial nest construction.
They only alter soil properties and nutrient status in theiad)g soil. The next stage of
termite effects on soil is reached at the sites with mounds itdbly secondary termites.
Those mounds start already to decay, but the argic horizonyfideshppears and the soil

63



Chapter 3 Soil genesis and heterogeneity of P forms and C befowté mounds

classification changes from Alisols and Acrisols to Umbrisolsdating to IUSS Working
Group WRB, 2006). However, the effects of the secondary iduals can not be separated
from longer lasting effects of the primary termites in these ioideunds.

With an average nest density of 72 mounds htne areal distribution of such impacts
is still small to affect soil genesis of a whole landscape withinlifieecycle of a few ter-
mite genera. Though such termite mounds are abundant in theiBnagavannas. Yet,
little is known on the cumulative role of such termite-inducestarsion of soil genesis
throughout the last millennia of landscape development, afh@chaefer (2001) showed
that the structure of deep weathered soils from Brazil is ddertg-term termite activity.
At least my study shows that even advanced stages of soil formatibe iAlisol/Acrisol
area of tropical highlands are not the necessarily the end sfegl formation, but may
at least temporarily be rejuvenated by termite activity, thuseulining their role not only
for affecting nutrient distribution and patchiness, but alserall solil fertility in these envi-
ronments.

3.5 Conclusion

| conclude from my investigations that the impact of the grasddetermites on soil prop-
erties and genesis might follow two steps. First the chemical ptiegeand nutrient status
of the topsoils are altered during mound construction, thuecaffg organic carbon and
phosphorus distributions in the soil by primary termites. Thee,nttajor impact on soll
genesis occurs during extended periods with primary termueslater eventually also
by the secondary termites, extending their influence into despe thus diagnostic soil
horizons while the original mound may already start to decay.

Furthermore, | can infer from my study that mid-infrared spectvpgdan combination
with partial least squares regression provides opportunitthiafast determination of spa-
tial distributions not only for organic carbon contents, bisodor selected organic and
inorganic phosphorus species within, and in the direct wigiof termite mounds. The
spatial distribution of these properties exhibited an inflespicthe termite activities on the
lateral and vertical adjoining soil. As those patterns permistdow secondarily inhabited
termite mounds, | may conclude that the termite effects on soilsiea@d soil properties
will remain at least for some years after the original termite cpldies.
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Chapter 4

Lignin patterns in soil and termite nests of the Brazilian Cerrado

4.1 Introduction

Lignin is an organic macromolecule which is part of the secondatl wall of vascular
plants. Typically, 20-30% of the dry mass of wood consist of ligrliermites feeding
on wood use the easily degradable cellulose components ratireliginin as carbon and
energy source (Breznak & Brune, 1994). Several studies shdve¢dhiose wood-feeding
termites and their symbiotic gut microorganisms could only degradno- or diaromatic
lignin compounds; the core of larger lignin molecules resistsattagion (Butler & Bucker-
field, 1979; Cookson, 1987; Brune et al., 1995; Kuhnigk & K§riig97). Therefore, lignin
is enriched in nests of wood-feeding termites (Hopkins ett@B8; Amelung et al., 2002).
Lignin in nests of xylophagous termites resisted also degradatieen it came in contact
with soil material (Cookson, 1992). In contrast to wood-feedargites, fungus-growing
termites are able to consume the lignocelluloses nearly complbzause the symbiotic
Termitomyce$ungi can degrade lignin to the same degree as other whitexungt {Hyodo
et al., 2000; Ohkuma, 2003). Studies on other feeding guildssearce. It is expected
that soil-feeding termites should consume lignin (as part of sgdmic matter) more effi-
ciently than wood-feeding termites, but proof is lacking Brak & Brune, 1994; Brune
et al., 1995; Hopkins et al., 1998). Amelung et al. (2002) daxplain the feeding guild
of various termite species by the lignin signature of their néstisdid not find indications
of different lignin breakdown pathways during food digestio

Due to the fact that no chemical analysis can determine thenligomtent in soils ex-
actly, the analysis of phenolic CuO oxidation products haheidely used as a standard
approach (Hedges & Ertel, 1982; Kogel, 1986; Amelung et &971 2008). It has the
advantage that the lignin content can be estimated by the suxiddtmn products, and
that lignin characteristics can be deduced from ratios aviddal oxidation products. The
ratio of acids to aldehydes characterizes, for example, tleecidin oxidation of the soil
lignin (Kogel, 1986). Additionally, the ratio of cinnamyl teanillyl units is an indicator
for lignin of herbaceous tissue (Opsahl & Brenner, 1995). H@rneghemical analyses

1 This chapter was already published in a journal: Rickamg@t@l. (2011). Lignin patterns in soil and termite
nests of the Brazilian Cerrado. Appl. Soil Ecol. 48(1), 45-5
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are expensive and time consuming. Mid-infrared spectroscopy 8YIIR combination
with multivariate data analysis is a fast approach for analylssoib organic components
(Leifeld, 2006; Viscarra Rossel et al., 2006; Reeves et al§2Bionmermann et al., 2007).
Recent data indicated that MIRS can also be used for the dettionrof soil lignin (Lud-
wig et al., 2008; Bornemann et al., 2010), thus providing agréuV tool also for tracing
lignin incorporation into termite nests and the underlyingd. soi

The goal of this study was to characterize the distribution@mdposition of lignin in
termite nests and adjacent soil of the Central-Brazilian sa&nsing both alkaline CuO
oxidation and MIRS. Younger and older nests were examinedutmdste the persistence
of the termite-induced changes of the lignin content. All s@gtre originally built by the
grass- and litter-feeding termitéornitermes silvestrjibut the older ones were secondar-
ily inhabited by inquilines, while completely abandoned negtse rare in the Brazilian
savanna (Redford, 1984; Lacher et al., 1986; Domingos & Gurit§96).

To follow the incorporation pathway of lignin into new termihest constructions and
to characterize the lignin alteration during incorpomatinto such constructions, the stud-
ies were accompanied by additional microcosm experiments witiaphagous termite
species. For this purpose, small termite nests from a rainforesthetteinder controlled
conditions in the laboratory. During the experiment the teemivere fed with corn for a
natural labeling of new constructions witBC.

4.2 Materials and methods

4.2.1 Study sites and sampling

The study area for surveying the lignin distribution in epigetermite nests and the sur-
rounding soils was the farm of the Instituto Ecoldgica (108,818°10'W, 630 m above sea
level) in Taguarucu 20 km southeast of Palmas, Tocantins, BesslFigure 2.1). The site
has a mean annual temperature of 24 °C and a mean annual rafrif@8d@mm. The dis-
turbed Cerrado (Brazilian savanna) is used as an extensiva@aster having been burnt
in 2002.Brachiaria sp.is the dominant grass in this area. The soils (Umbric Acrisols and
Umbric Alisols; IUSS Working Group WRB, 2006) are rich in orgamatter, had a very
low base saturation and a sandy clay loam texture. Flat dome-gimapends (diameter
120 cm, height 35 cm) d€ornitermes silvestri{grass-feeder and litter-forager; Gontijo &
Domingos, 1991, Constantino, 2002) were most abundant in the atady(see Figure 5.1).
| assumed that most nests were constructed after the original Gevesburnt. Therefore,
the termite nests should not have been older than four years alisgm®006. The nests
were mainly built of soil material; they consisted of a dense mouritlama a nest center
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with a lot of galleries. Besides those mounds existed older onashvilad been presum-
ably constructed b{. silvestrii but were now partly occupied by small termite colonies
as secondary inhabitants. The mounds looked more weatheredeardowergrown by
mosses to some extent, suggesting that they were older than thosehatiited byC. sil-
vestrii. Those secondary inhabitants were the wood- and cattle crediAigNasutitermes
kemneri(Freymann et al., 2008), which occurred in all old mounds; tlesgfeeding and
litter-foragingProcornitermes araujo{Coles de Negret & Redford, 1982); the wood- and
grass-feedingArmitermes euamignathy€oles de Negret & Redford, 1982; Gontijo &
Domingos, 1991); as well as the soil/wood interface-feedialgiotermes orthocephalus
(Constantino et al., 2006) aritmbiratermes festivellu&ontijo & Domingos, 1991). Ad-
ditional information about the nests and the study area is giv&hapters 3 & 5.

Three replicates of young nests, of old nests and of referentewseie chosen for
sampling. The reference soil sites were at least situated 5 m aosytérmite nests and
showed no evident termite influence, but some termite specimendovere during sam-
pling. Four soil transects from the site center to the cardioaitp were dug at every
sampling site. Samples were taken for every transect at the woflth10, 80 and 120 cm
at soil depths of 10, 30, 60 and 100cm. Horizon boundaries wereled and samples
were taken 5cm above or below. Termite mounds were sampled 5,0285%em above
the ground level if available. Sampling was done with five 198 cores at each sampling
point. All samples were immediately air dried.

To follow the pathway of lignin incorporation into new tereest constructions, | went
to a second study site. It is a periodically flooded tropicalsbet the Centro de Pesquisa
Cangucu (9°58'S, 50°02'W) about 110 km northeast of Pium, g, Brazil. Mean
annual temperature is about 25.5 °C and mean annual raintalt 4G50 mm. Three arbo-
real nests belonging tdasutitermes cf. mingwhich are potential wood-feeders (Martius,
1994a), were collected for the microcosm experiment. Compareket nests ofC. sil-
vestrii, nests ofN. cf. minorhave the advantage that they are much easier to collect and
to hold them in the laboratory. Own experiments with termiteddmng earth nests were
unsuccessful. Thhl. cf. minornests were slightly damaged during the removal from the
trees; therefore, they were exposed in the forest until the sk had been repaired again
by the termites. Then, the nests, clay for humidity regulatiod,cmn cobs as food source
were placed in tight stainless-steel boxes equipped with ahanke outlet for air supply.
Details of the setup were given in Bandowe et al. (2009). Thie (0, plant) served as a
natural labeling substrate with a high¥r*C value than the termite nests of an environment
dominated by @ plants. The experiment was run for 20 days, because preliminggriex
ments had shown that the termite colonies could not survive faydoperiods under these
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conditions. Samples of nests, clay and corn were taken beforaftardthe experiment.
Additionally, freshly constructed termite sheetings (“ga#iet) were observed on the clay
surface and the corn after the experiment. These fresh mategadsalso sampled.

4.2.2 Chemical analyses

After sieving to <2 mm and subsequent grinding with a ball mill amig carbon (OC) was
measured with an elemental analyzer (NA 2000, Fisons Instrumendsi®, Milan, Italy).
The minerals of some selected samples were characterized by Xfragtcon (PW 1130,
Philips, Almelo, The Netherlands).

Lignin contents in 28 selected samples of the savanna and all samiptee forest
were estimated by the sum of phenolic oxidation products aftesligaline CuO oxida-
tion (Hedges & Ertel, 1982; Kdgel, 1986; Amelung et al., 199Fe oxidation procedure
was conducted by first mixing 250 — 1000 mg soil material (dependimine OC content)
with 400 mg CuO, 15ml 2N NaOH, 80 mg Fe(§}H(SOy)2 x 6 H,O, and 50 mg glucose;
and second digestion of the mixture under &mosphere at 170 °C in a teflon pressure
bomb for 2h. The supernatant was then adjusted to pH 2 with 6 M HGE phenols
were extracted from the acidified solution by solid-phase ektma using preconditioned
octadecyl-bonded silica (Nucleodufgec, Macherey & Nagel, Diren, Germany), and a
subsequent elution with 6 x 400 ul ethyl acetate. After dryiriitp & rotary evaporator, the
phenolic oxidation products were dissolved and derivatizétl @ 1:2 (v/v) mixture of
pyridine andN,O-bis(trimethyl-silyltrifluoroacetamide (Roth, Karlsruhe, i@&ny) and
measured at a GC-FID (6890N, Agilent Technologies, Santa Ql&#&) equipped with
a fused silica column (SPB-5, Supelco, Bellefonte, USA). Spjéction with a ratio of
1:20 and a temperature of 250 °C was used. The carrier gas hetsrkept at a constant
flow of 1.1 mImint. The temperature program of the oven was 3 min at 100 °C, heat to
250 °C with 10 °C mint, and finally 10 min at 250 °C. The detector was heated to 350 °C.
Ethylvanillin and phenyl-acetic acid were used as first andreaaternal standard, and
added before oxidation and before derivatization, respagtilt resulted in recoveries of
ethylvanillin of better than 65%. Measurements were done pliclate. VSC-lignin was
then calculated as the sum of vanillyl (vanillin & vanillicidy, syringyl (syringaldehyde &
syringic acid), and cinnamyl (p-coumaric acid & ferulic acidhgmolic oxidation products
(Hedges & Ertel, 1982; Kogel, 1986; Amelung et al., 1997). Meas of the side chain
oxidation of the VSC-lignin are the ratios of acids to aldééy of the vanillyl (ac/al)
and syringyl (ac/al structures (Kogel, 1986). Also lower ratios of syringyl to \Jii
units (S/V), and cinnamyl to vanillyl units (C/V) indicate awidation of the lignin (Ertel
& Hedges, 1984; Kogel, 1986; Opsahl & Brenner, 1995). Small&t i@tios are as well
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markers for wood-born lignin (Opsahl & Brenner, 1995). Theokes of the vanillyl and
syringy! units were not measured, because they add no informatidime origin of lignin
or on its degree of oxidation, and because total lignin cdategmain unknown in any
case.

The13C/A2C ratios in bulk samples of the microcosm experiment were detethuisiag
an elemental analyzer (FlashEA 1112, Thermo Fisher Scientiétff,The Netherlands)
connected to an isotope ratio mass spectrometer (via Conflo difate; Delta V Ad-
vantage; both: Thermo Fisher Scientific, Bremen, Germany). Measnts were run in
triplicate. Sucrosed*3C —10.449, IAEA, Vienna, Austria) and acetanilid®fC —29.52,
Arndt Schimmelmann, Bloomington, USA) were used as laboratondstas. The ratios
were expressed in the commad3C-notation relative to the Vienna Pee Dee Belemnite
(VPDB) international standard.

4.2.3 Mid-infrared spectroscopy

VSC-lignin and OC contents were determined in all samples cfakianna by mid-infrared
spectra (MIRS) followed by partial least squares regression RpLSIthough the VSC-
lignin oxidation products are not found as monomers in soilsstie of VSC-lignin can
be quantified by means of MIRS-PLSR, while this is not possibigife VSC-lignin sig-
nature (Bornemann et al., 2010). In the following a brief digsiom of the methods will
be given, detailed information on measurements and quantifitsatian be found in Borne-
mann et al. (2008; ); 2010, and Chapter 3. Five replicatesaf sample were transferred
to microplates and compacted with a plunger to provide a plathdense surface. The
diffuse reflectance was then recorded by 120 scans with a Bilgkesor 27 (Bruker AXS,
Madison, USA) system. Using partial least squares regression (Plgddthin; Martens
& Nees 1989) within the OPUS QUANT software (2006, Bruker AXSadvson, USA),
the spectra were calibrated against the values achieved abthe described chemical
methods. The calibration models were checked by a leave-andutitcross validation
(Efron, 2004).

As the prediction of OC had already been introduced in Chiéyteetails of the calibra-
tion models can be found there (Table 3.2, Figure 3.3). Duwalidpration and validation of
the VSC-lignin prediction it became obvious that predictias improved if not performed
across the entire range, but if the calibration was separa@@Dang kg! to get more pre-
cise results for lower VSC-lignin contents. The calibration elddr the lower VSC-lignin
contents utilized 19 samples of my study with VSC-lignin corgdmtlow 340 mg kg
and also 32 samples within this range from Bornemann et al. (20h@) second calibra-
tion model comprised all 28 samples of the savanna analyzed intibeatary, but it was
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Figure 4.1 VSC-lignin predictions from mid-infrared spectroscopy and partial least squares
regression (MIRS-PLSR) in comparison to the sum of phenolic oxidation products after an
alkaline CuO oxidation: (a) Prediction for contents up to 200 mgkg™* (51 samples), and (b)
Prediction for contents above 200 mg kg™ (28 samples). Five individual spectroscopic mea-
surements are plotted per sample. (RMSECV: root mean square error of cross validation;
RPD: relative percent deviation)

only used for VSC contents above 200 mg'kgConsequently, the calibration model for
lower VSC-lignin contents is similar to that used by Bornemanal .e2010); my model
included a “min-max standardization” of the spectra; spectratibaanging from 3747 —
3365, 3008 —-2802, 2416 —2287, and 2158 —555; and 6 latemtlasi Calibration model
settings for the higher VSC-lignin contents involved “firstridative and multiplicative
scatter correction” of the spectra; spectral bands ranging 8608 — 2802, 2416 —2285,
and 2158 —555; and 14 latent variables. The statistical paresradtthe calibrations were
given in Figure 4.1.

4.2.4 Data analyses

The spatial patterns of VSC-lignin and OC were illustratedgi&nnging interpolation with
the standard settings of the software program Surfer 8 (Goldéw&e, 2002, Golden,
USA). The generated maps were compared using the fuzzy numalgmalthm (neigh-
borhood radius 15 cm, exponential decay) within the Map ComepakKit 3.2.0 (Research
Institute for Knowledge Systems, Maastricht, The Netherlandsseri & de Nijs, 2006).
Before doing this, maps with normalized (mean=0; standard dewiatl) values were
constructed, which enabled me to compare maps with unequal Thigstuzzy algorithm
takes neighboring values into account; therefore, the magpadson has advantages over
cell-by-cell regression analyses. Additionally to an averagelaiity index for the whole
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map, a similarity map is produced. The similarity index can getesloetween O (no
similarity) and 1 (absolute similarity).

Differences between groups were examined with an analysiar@nce (ANOVA), and
the Scheffé test as post-hoc test for comparisons of more than bupgrThe significance
level was set aP <0.05. The ANOVA was conducted with SPSS 14.0 (SPSS Inc5,200
Chicago, USA).

4.3 Results

4.3.1 Soil sampling within and around savanna termite mound S

Both, OC and VSC-lignin contents were higher in termite ndss fat 10 cm depth of the
reference soil (Table 4.1). VSC-lignin was even more enridchad OC in termite nests
inhabited by primary and secondary termites. The enrichmenarféat VSC-lignin (in
mg kg soil) was about 15 for primarily inhabited nests, while the nestk secondary
termites had only 7.5 times more VSC-lignin than the referende ¥8C-lignin relative
to the carbon content (g KgC) was also enriched in the termite nests.

Elevated (ac/ag ratios in the nests indicated a higher degree of lignin oladahan in
the control soil (Table 4.1). The vanillyl units were more azedl in the nests inhabited
by secondary termites than in the nests of the primary ones. Alsoouérall acids-to-
aldehydes ratios indicated a higher degree of lignin olodatnly in the nests inhabited by
secondary termites (0.36 vs. 0.26 in primarily inhabited nestssigaificant atP < 0.05).
However, the differences of the ac/al ratios between moundsantrol soil can also be
a consequence of higher ac/al ratios in the incorporated doaadl the material collected
by termites from deeper soil horizons. The C/V ratio declinetheorder reference soil >
primarily inhabited nests > secondarily inhabited nests (Taldle This does not necessar-
ily point to a higher decomposition of the lignin, but it can aisterpret as an increasing
percentage of wood tissues in the same order (Opsahl & Brennéxr). 48 S/V ratio was
no sensitive indicator for differentiating the lignin statnghese samples (Table 4.1).

The distributions of the OC and VSC-lignin contents in thesstsansects with and with-
out termite nests are illustrated in Figure 4.2 & 4.3. VSC-ligsihowed a similar pattern
when expressed in g KgC as VSC-lignin expressed in mg®goil (data not shown). The
patterns inside the termite nests showed that the highest cemterg found above ground
in nests inhabited by primary termites. In contrast, nests of secgrdrmites tended to
have the highest contents in the lower nest center. Soils suthogithe nests inhabited by
primary termites had higher VSC-lignin contents than therezfee soil up to 60 cm away
from the nest border (width of 120 cm) and to a depth relativeéairound level of approx-
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Table 4.1 Organic carbon (OC) contents, VSC-lignin contents and characteristics in nests inhabited by primary termites, by secondary
termites and in the reference soil (10 cm depth). Standard errors are given in parentheses. Within a column different letters designate
significant (P <0.05) differences.

n OC VSC-lignin (ac/al)y @ (ac/al)g® SV civd
gkg? mg kg soil gkg'cC
Reference soil 2 19 (1) a 131 (3) a 7 (0) a 0.32 (0.03) ab 0.22 (0.02) a 1.00 (0.01) a 0.43 (0.01) a
Primary termites 3 40 (1) b 1952 (145) b 49 3) b 0.21 (0.02) a 0.32 (0.01) b 0.92 (0.01) a 0.32 (0.02) b
Secondary termites 3 30 3) b 976 (162) c 33 (6) b 0.37 (0.04) b 0.34 (0.02) b 0.99 (0.08) a 0.21 (0.01) c

2 acid to aldehyde ratio of the vanillyl units; ® acid to aldehyde ratio of the syringyl units; © ratio of syringyl to vanillyl units; 9 ratio of cinnamyl to vanillyl unites
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Figure 4.2 Interpolated patterns of organic carbon (predicted by MIRS-PLSR) in represen-
tative transects (n=1) of the reference soils (top), the mound sites inhabited by primary
(center) and the ones inhabited by secondary termites (bottom). The sampling points are
marked and denoted with the predicted/measured value. Lines mark the termite nest bound-

aries.
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Figure 4.3 Interpolated patterns of VSC-lignin (predicted by MIRS-PLSR) in representative
transects (n=1) of the reference soil (top), the nest sites inhabited by primary (center) and
by secondary termites (bottom). The sampling points are marked and denoted with the
predicted values. Stronger lines mark the termite nest boundaries.
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Figure 4.4 Maps of similarity indices of averaged (site center to a width of 120cm; n=12,
and n =23 for a width of 0cm) (a) VSC-lignin contents (mg kg™ soil) between the soil below
primarily inhabited mounds and the reference soil (left), and between the soil below secon-
darily inhabited mounds and the reference soil (right). (b) shows the similarity indices of
the averaged organic carbon contents between the reference soil and the primarily inhab-
ited (left) and the secondarily inhabited mounds (right), respectively. The termite mound
position is drawn above as reference.

imately 60 cm at the termite nest center (about 30 cm below thateenest). This termite
influence on the surrounding soil becomes more apparent if sitgiladices between nest
and reference sites are displayed for transect averages €Hgdly. Higher VSC-lignin
contents in the soils below the secondarily inhabited mounds were restricted to the
nest parts in the soil than below primarily inhabited mounds, ealhethe lateral soil was
less affected (Figure 4.4a). In contrast to VSC-lignin, theIgirty maps for OC contents
were similar below both, primarily and secondarily inhabited masi(Figure 4.4b). Ele-
vated carbon contents were found to vertical depths of 50&avbBelow the mounds, and
laterally from the mounds also up to 30 cm soil depths. Dissimiérisit depths of 100 cm
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Figure 4.5 (a) VSC-lignin and (b) organic carbon stocks (0—100 cm soil depth, without and
with nest parts above ground) from the site center to a width of 120 cm for the reference
soil, the mound sites inhabited by primary and the ones inhabited by secondary termites.
Means and standard errors of replicates and directions were shown (n=12 and n=3 for the
site center). The connecting lines were only drawn for visualization. A mound silhouette is
shown beneath as reference.

were caused by a high coefficient of variation at this depthéréference soil. It was four
times higher than at the upper sampling depths, probably reftpetiriable stone contents
at that depth.

The stocks of OC and VSC-lignin for 0—100cm soil depth alongghredient from
the site center to a width of 120 cm reflected the distributiohigher contents of those
constituents in the soil. Higher stocks of both OC and VSC-igmere only found below
termite mounds at distances of 0 cm and 40 cm from the mound cé&ngenr¢ 4.5). The
highest VSC-lignin stock of 4658 kg Hal00 cm! was recorded at the site center below
mounds inhabited by primary termites. It was only the half of bedbw mounds inhabited
by secondary termites. However, both termite-affected sitedigdebr VSC-lignin stocks
than the reference soil, with an enrichment factor of 7.5 ferdite center with primary
termites, and of 3.8 for the secondary termites. When the VS@liggntents of mounds
were included in the calculation of the stocks, these were eseéndnd 7.9 times higher
than in the reference soil (Figure 4.5a). The OC stocks wenetdhd times (about 2.8 with
mound material included) higher under both, primarily and sdadty inhabited mound
centers (Figure 4.5b).
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Figure 4.6 Lignin-derived phenol percentages of the VSC-lignin contents (mg kg sample)
for the N. cf. minor nests, clay, corn and the new constructed sheetings in the microcosm
experiment.

4.3.2 Microcosm experiment with rainforest termite nests

TheN. cf. minorused the provided corn extensively as food source. They builtsheet-
ings on the clay and the corn for foraging. However, the chahtemposition of the old
nests, corn, and the clay remained the same after the experimesfoas. b

The contents of OC (461 g K and VSC-lignin (102 g kd) were much higher in thN.
cf. minornests than in th€. silvestriinests found in the field, which can be attributed to
the wood-feeding habit of thid. cf. minor Table 4.2 shows the contents of OC and VSC-
lignin in the nest, the other provided materials (clay and ;and the freshly by termites
built sheetings. Despite lower VSC-lignin contents, the newtsngehad a quite similar
composition of the lignin-derived phenols like the old ternmésts (Table 4.2, Figure 4.6).
As expected, the corn had more cinnamyl units and less vandigiation products, which
is a result of the high contents of cinnamyl units in herbacdmssies (Table 4.2). The
percentage of the cinnamyl units was a little bit higher ingheetings than in the old nests
(Figure 4.6), which indicated that some corn was used for cartgiruof the sheetings.
The clay exhibited the highest acid-to-aldehyde ratios, eajbpem the vanillyl units (Table
4.2), likely due to residues of highly degraded organic mattee 513C values (Table 4.2)
of the sheetings were not significantly different to those ofibgt, but to those of the corn.
X-ray diffraction indicated that the sheetings as well asclhg contained quartz, kaolinite,
smectite and feldspar (data not shown). On the oppoNitesf. minornests contained
almost no minerals, there were only hints of quartz. Altogetherresults support the
view that the fresh sheetings were, despite VSC-lignin costeinilar to corn, mainly a
mixture of former nest material and clay, while corn accountyg @ a smaller portion of
incorporated OC. | found no indication of lignin alteratidaring nest construction.
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Table 4.2 Organic carbon (OC) contents, 6'°C values, VSC-lignin contents and VSC-lignin characteristics in samples of the microcosm
experiment with rainforest termites. The values for nest, clay and corn were not changed after the experiment. Standard errors are given in
parentheses (n=3). Within a column different letters designate significant (P <0.05) differences.

Sample oC o3¢ VSC-Lignin (ac/al)y 2 (ac/al)g ® A cive

gkg? %o mg kg sample gkg'cC
Nest 461 (3) a —305 (0.0) a 101755 (1175) a 228 (6) a  0.14 (0.01) a 0.3 (0.01) a 1.60 (0.03) a 0.04 (0.00) a
Clay 5 (0) b —234 (0.0) b 39 (0) b 70 b 028 (0.00) b 020 (0.000 b 121 (0.01) b 0.39 (0.01) a
Corn 423 (1) a —115 (0.3) ¢ 23640 (141) ¢ 60 (8) ¢  0.12 (0.01) a 020 (0.00) b  1.28 (0.06) b 3.04 (0.75) b
Sheetings 119 (14) ¢ —28.1 (0.7) a 24211 (3244) c 202 (7) a 0.16 (0.02) a 0.16 (0.01) ab 1.45 (0.03) a 0.15 (0.04) a

8 acid to aldehyde ratio of the vanillyl units; b acid to aldehyde ratio of the syringy! units; ° ratio of syringyl to vanillyl units; d ratio of cinnamyl to vanillyl unites
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4.4 Discussion
4.4 Discussion

Besides an accumulation of OC in nests of the savanna termites ligi¥@-was much
more enriched in these nests. This can either be attributed ¢gmiaiich food or a loss
of other easily degradable organic compounds during nestibgiéthd an accumulation of
the remaining lignin. The former hypothesis is supported by hdrigegree of wood-borne
phenolic lignin units (lower C/V ratio) found in the termitests than in the reference soil.
The original nest-builderC. silvestrii is a grass- and litter-feeder, which probably also
feeds on woody litter. The secondary inhabitants such as tluel\feedingN. kemneri
may enlarge the content of the wood-borne phenolic lignirisufurther, because there
is no evidence that the termites in my study alter the lignin tggaiBcant amount during
nest construction — a finding which was also corroborated with neyonosm study. Many
earlier studies also indicated that lignin resists degradatydsoth, wood- and soil-feeding
termites (Cookson, 1987; Breznak & Brune, 1994; Brune et885). Reasons may be that
termites prefer the easily degradable cellulose as food sdBreerfak & Brune, 1994), and
that termites and their gut microorganisms are only able to deosenmono- or diaromatic
lignin compounds (Cookson, 1987; Brune et al., 1995; Kuhnigkdig, 1997). All these
processes promote the relative accumulation of lignin in termetgs, and hence, also in
nests of grass- and litter-feedi@y silvestrii

Depending on the different food source, the VSC-lignin cohig higher in nests of the
wood-feeding forest termites than in the earth nests of savanmatés. The fresh sheet-
ings of the rainforest termites were a mixture of nest materidl eldy, and consequently
the OC and VSC-lignin contents were in-between the valuésasfe two substrates. The
absolute contents of VSC-lignin and OC in the sheetings wepéetssl to a quarter rel-
ative to the nests, and accordingly, the VSC-lignin contelative to OC was similar in
the sheetings as in the nests (Table 4.2). Hence, the termmeg imicrocosm experiment
used the corn mainly as energy source and built the sheetingsolditimaterial of their
nest. Maybe this behavior was related to stressful environmehedack of right food in
the microcosm. Nevertheless, the proportion of lignin relativ®€ and the composition
of the lignin were left unchanged during sheeting constracivith re-used nest material
(Figure 4.6). This supports the above-mentioned results ith@nlis not attacked by the
termites.

The VSC-lignin content is, like the OC content, also enhanaoeithé surroundings of
savanna termite nests. Hence, an input of lignin into the nestuswdiogs must be a result
of direct or indirect termite activities. However, it couldtrime distinguished, if it was
lignin from termite nests which was transported by termites duheir nest like theN.
cf. minordid in the microcosm experiment, or if it was collected woodydechich was
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Chapter 4 Lignin patterns in soil and termite nests of the BeaziCerrado

lost during transportation into the nest. Leaching of lignin olutermite nests seems to
be unlikely, because the flux of dissolved organic matter wascestiunder termite nests
(Chapter 5).

The older earth mounds inhabited by secondary termites weledsethich was shown
by a higher bulk density in those nests than in the ones inhabiegrimary termites
(Chapter 3). As a result the OC stocks below younger and oldendsowere similar,
despite higher OC contents at the sites inhabited by primanyites. Yet, the VSC-lignin
stock was higher below primary termites’ nests, which emphasizekigher enrichment
of VSC-lignin compared to OC in those nests. Obviously, VSC-hgmas lost during nest
aging and colonization by secondary termites, and this effastaven sustained when the
secondary termites preferred more woody food for nest congirufgee above). Also the
acid-to-aldehyde ratio of the vanillyl units (Table 4.1)daihe one combined for vanillyl
and syringyl units indicated a stronger oxidation of the V&®ih in the nests inhabited
by secondary termites. It is important to note that this lignigrddation was probably not
caused by termites recycling the nest material, but rather bywsai whose composition
may be changed after dying of the primary termite colony (Roosesdleg et al., 2004;
Diouf et al., 2006). Bandowe et al. (2009) showed that the miganisms occurring in
termite nests were responsible for naphthalene productionairtientermites itself.

| assume that the nests were four years old, because this was tharoadast Cerrado
burning. It was reported that the termites’ abundance is tdvia disturbed savannas,
and that especially grass- and litter-feeder termites benefit the higher litter supply
(Wood, 1996; Black & Okwakol, 1997; Brandao & de Souza, 1988)nce, most of the
lignin loss occurred within a period <4 years, thus questiomiriggher recalcitrance of
lignin in tropical soils or decaying termite nests. Yet, ligrosses are nowadays frequently
described by two-compartment models. Rasse et al. (2006) and Marsethal. (2008)
suggested, based on published observations and their own expesirtteat more than
90% of the lignin input into soil was not protected from degtaeh, and had turnover
times of less than one year. Only the much smaller second pool of ligad residence
times of 18 to 20 years (Rasse et al., 2006; Marschner et al., 2Z0B8)model frame fits
well my observation of a rapid loss of VSC-lignin when the nestsrar longer inhabited
by primary termites. Due to a lack of knowledge on the lignin trgmd the real age of the
mounds, the pool sizes und the residence time cannot be estimaadderakere. However,
because the OC stocks were similar at sites with young and old nesasséormation of
lignin into other organic molecules of humified matter seems mkedyithan its complete
conversion to CQ.
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The termites accumulated VSC-lignin in preference to othgamic compounds in their
nests as well as in the underlying and lateral adjoining solilest lignin patterns were
well detectable using MIRS as a fast screening tool for soil figiihe lignin enrichment
was favored by the inability of termites to alter lignin duginest and sheeting construction,
but also to a preferential selection of woody food sources ({&V¥ ratio), even for the
grass- and litter-feeding termite. silvestrii Judging by the lower VSC-lignin contents
and stocks at the sites with older mounds, lignin degradatioarean the termite nests
inhabited by secondary termites, however, as well as in the wuling soil. Rainforest
termites, at least in the microcosm, may use nest material to buildihgraglleries and
by this carry nest material into the nest surroundings. Tracgmarliin tropical soils might
thus allow a better understanding of the role of active tesridethe patchiness of nutrients
in tropical soils, while the tracing of past termite activitiesynmot be well indicated by
lignin contents, because it is instable when the primary ternatesbsent.
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Chapter 5

Carbon and nutrient leaching from termite mounds inhabited by

primary and secondary termites 1

5.1 Introduction

Termites change soil properties through translocation, seteand ingestion of organic
and inorganic materials (e.g., Lee & Wood, 1971b; Lobry deyBr& Conacher, 1990;
Holt & Lepage, 2000; Bandeira & Martius, 2006), but how an exgimound affects its
surroundings and thus causes spatial patterns of nutrientdsrhes rarely been studied
(Salick et al., 1983; Tongway et al., 1989; Holdo & McDow&04; Obi & Ogunkunle,
2009). Termite mounds are numerous in the Brazilian savannag@yr especially in
those areas converted to pastures. Given the low nutrientrddntthis region the numer-
ous termites could have an important effect on soil nutrientistateaching of nutrients
was observed in the Cerrado (Wilcke & Lilienfein, 2005), botwhtermite mounds influ-
ences leaching of nutrients or the infiltration of water i&knwwn for this region.

Nutrient transport from the mound into the soil can happen inrséveays. Termites
might directly relocate nest materials into the soil. Furtheemoelocation can happen
when termite mounds with dying colonies decay and erode. Aghdntact, inhabited
termite mounds often have a dense surface particularly imperméablvater (e. g., Lal,
1988; Contour-Ansel et al., 2000; Jouquet et al., 2004), gdagtosion and leaching from
inhabited termite mounds may add nutrients to the soil. Congtiain @993, cited by Holt
& Lepage, 2000) and Schwiede et al. (2005) reported leaabfimitrate and ammonium
from termite nests into the surrounding soil. Additionally Bzsret al. (1992) found high
nitrate contents in the hard wall of termite mounds in the Alisimaarid zone. They
speculated that a capillary effect inside the mound during dag@es and a subsequent
transport by rain water on the mound surface caused high amoumtsadé in groundwater.
For other termites, mounds showed elevated infiltration (Ackaretaal., 2007). Also,
infiltration is normally enhanced in the termites’ foragingaséLal, 1988; Mando et al.,
1996; Léonard & Rajot, 2001; Léonard et al., 2004) that asémed by the termites’
burrowing activities (e. g., Martius & Weller, 1998).

1 This chapter was already published in a journal: RiickammtBl. (2009). Carbon and nutrient leaching from
termite mounds inhabited by primary and secondary termitppl. Soil Ecol. 43(1), 159-162.
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Chapter 5 Carbon and nutrient leaching from termite mounds

Termite mounds are infrequently abandoned in the Braziliama@e. Old mounds are
regularly inhabited by secondary termite colonies (Redfb®®4; Lacher et al., 1986; Do-
mingos & Gontijo, 1996), also named as inquilines. Those secdyndaniabited mounds
looked weathered and had a lower carbon and available phagpbantent than the primar-
ily inhabited ones (Chapters 2 & 3); thus, their effect onirdtion or nutrient export could
be different from the primarily inhabited mounds. Consequelttly purpose of my study
was to differentiate the carbon, nitrogen, and phosphoashiag among young mounds
with primary termites, old mounds with secondary termites, andeagate soil.

5.2 Materials and methods

The study was performed on the farm (10°16’S, 48°10'W) of thatifmto Ecoldgica in
Taquarugu, 20 km southeast of Palmas, Tocantins, Brazil, a distuClerrado (savanna)
site 630 m above sea level (see Figure 2.1). Mean annual temgeigtabout 24 °C and
mean annual rainfall about 1800 mm (1920 mm in the study year)avittmonth dry sea-
son (May — September). Soils were rich in organic material (ttgs20.8 g C kg soil),
had a very low base saturation and had a sandy clay loam textiey Were classified
as Umbric Acrisols (Humic, Hyperdystric, Skeletic) or Umbric gdls (Humic, Hyper-
dystric, Skeletic) (IUSS Working Group WRB, 2006; see Chafer~lat dome-shaped
mounds of the grass-feeder and litter-forager terr@itesilvestrii (Gontijo & Domingos,
1991; Constantino, 2002), most abundant in the study area, wiedesk for the study
(Figure 5.1). Mounds chosen had a diameter of approximatelgm?énd a height of 23 —
47 cm. They consisted of a dense mound wall and a center with a latlefigs, whereas
a nursery could not be separated. The whole mound was mainly gotestrfrom soll

©

Figure 5.1 Photographs of examples of a primarily (a) and a secondarily (b) inhabited
mound. In the front are hints of trenches for the lysimeter installation visible.
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5.2 Materials and methods

material. The younger mounds were still inhabitedysilvestrii while the older ones,
which looked more weathered, had been constructe@.tsilvestrij but were now partly
occupied by secondary termites which did not build dominardrdek and did not disturb
the original mound structure (Figure 5.1). Those secondarnybitdres were the wood-
and cattle dung-feedinyasutitermes kemnefirreymann et al., 2008), which occurred in
all old mounds, the grass-feeding and litter-foragftgcornitermes araujoand the wood-
and grass-feedingrmitermes euamignathy€oles de Negret & Redford, 1982; Gontijo
& Domingos, 1991), as well as the soil/wood interface-feedialgiotermes orthocephalus
(Marques, 2008) anembiratermes festivellug&ontijo & Domingos, 1991).

Altogether twelve free-draining lysimeters were installetbtefour replicates of ref-
erence solil sites, four replicates of primarily and four repésaof secondarily inhabited
mounds. During installation | paid attention to holes and mamep inside the termite
wall and installed the lysimeters below an intact surface. Tkarigters consisted of a
10 cm high stainless steel frame 25 cm x 25 cm) with a bottom platetheey were filled
with a gradient of washed gravel and sand. Additionally, a 1bgh stainless steel frame
was fixed at the top to control the water flow to the lysimeter armide good contact
with the nest. The lysimeter was installed 30 cm below the soil sarfiiom a side trench.
The soil surface above the lysimeter was leveled to provide a sncoothact and then the
lysimeter was pressed into position with a hydraulic car-jack l(efbs et al., 2002). |
assume that connection of macropores to the lysimeter was intedrog the installation
directly below the lower nest wall and the guiding frame. Sdllison was then collected
in shaded bottles from July 2006 until July 2007 and sampled atdsasy 10 days.

The samples were immediately filtered through 0.45 um membrans {i@ellulose ac-
etate, OE 67, Schleicher & Schuell, Dassel, Germany), and zadlfjpor pH, phosphate,
ammonium, and nitrate (Clesceri, 1998). Then the samples weral stomen until dis-
solved organic carbon (DOC) was measured with a total orgamimooaanalyzer (TOC-
500, Shimadzu, Kyoto, Japan). Measured values were set to zbem the value was
below the limit of detection. Means of replicates were comgute concentrations and
fluxes for each sampling date. Additionally, average conedéintrs and fluxes for the year
studied were calculated. Differences between groups wermieed with an analysis of
variance (ANOVA) and the Scheffé post-hoc test using the so&wackage SPSS 14.0 for
Windows (SPSS Inc., 2005, Chicago, USA).
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5.3 Results

In total, 441.5 | P of leached water was collected in the reference soil, whielb@it one
quarter of the annual rainfall. Much less water leached tndarmite mounds; only about
one quarter to a sixth of that of soil under primarily and secadtydarhabited mounds,
respectively (Table 5.1). Leaching of measurable amounts dtakieut one month after
rainfall began, then the volume of leached water followedrtiefall distribution on a
lower level (data not shown), with interruptions during dperiods. These interruptions
were more pronounced below termite mounBs<(0.05) due to the lower water flow. As a
result, there were missing values in the chemical analyses franitéamound leachates.

Differences of element concentrations and pH (Table 5.1¢wgly significant P < 0.05)
for nitrate under secondarily inhabited termite mounds (FEduR). The calculated nutri-
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Figure 5.2 Nitrate concentrations in soil water below reference soil (»), mounds of primary
(=) and of secondary termites (v). The error bars mark the standard error (n=4). The
sampling period takes from July 2006 until July 2007, but only during the rainy season
leached water was collected. Soil water samples were inhibited by a limited water supply
before October 2006 and after the end of March 2007. The grey bars show the precipitation
on a daily base.
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Table 5.1 Averaged concentrations and cumulative fluxes (standard error of four replicates) of DOC, phosphate, ammonium and nitrate in soil
water below reference soils, and mounds of primary and secondary termites during a 1-year period. Measured concentrations of phosphate
and ammonium were below the limit of detection at some dates and therefore set to zero for these dates. Within a row, different letters
designate significant (P <0.05) differences.

.8

Reference soil

Primary termites

Secondary termites

Water Sum Im 4415 (158.5) a 1165 (59.7) b 68.2 (53.2) b
Percent of rainfall % 23.0 (8.3) 6.1 (3.2) 3.6 (2.8)
pH Average 5.8 (0.1) a 5.9 (0.1) a 5.8 0.2) a
DOC Average concentration mg C It 13.8 (1.5) a 14.1 (1.9) a 16.5 (1.0) a
Cumulative flux mgCm?2y? 7798 (2603) a 2365 (943) ab 1610 (1037) b
Phosphate Average concentration mgP It 0.19 (0.02)a 0.19 (0.05)a 0.34 (0.06)a
Cumulative flux mgPm?y?t 81.3 (2.5) a 14.4 (4.0) a 25.2 (18.0) a
Nitrate Average concentration mgN I 0.60 (0.27)a 0.61 (0.28)a 2.13 (1.35)b
Cumulative flux mgNm?2y? 226.0 (69.0) a 66.3 (25.0) a 2009 (122.9) a
Ammonium Average concentration mgNI?t 1.43 (0.07)a 158 (0.54)a 1.33 (0.69) a
Cumulative flux mgNm?2y? 205.1 (20.6) a 15.8 (5.1 a 82.7 4.3) a
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Figure 5.3 Fluxes of DOC in soil water below reference soil («), mounds of primary (=) and
of secondary termites (v). The error bars mark the standard error (n=4). The sampling
period takes from July 2006 until July 2007, but only during the rainy season leached water
was collected. Soil water samples were inhibited by a limited water supply before October
2006 and after the end of March 2007. The grey bars show the precipitation on a daily base.

ent fluxes indicate higher exports in reference soil owinghhigher amount of drained
water (Table 5.1). However, only the DOC flux was significatiffy< 0.05) higher below
the reference soil than below the secondarily inhabited mo(fidare 5.3).

5.4 Discussion

In general, | found higher DOC concentrations (13.8—16.5 mig)Ghan did Lilienfein

et al. (2003) and Ciglasch et al. (2004) in an Oxisol of the BieziCerrado near Uberlan-
dia with 4.3-6.9 and 3.3—9.1mg €, respectively. The higher C concentrations in the
mound material than in the soil (reference topsoil: 20.8 g&&gjl, primarily inhabited
mound 36.5 g C kg soil, secondarily inhabited mound 31.2 g Ckspil; Chapter 3) could
generate more DOC in the mounds, but the longer pathway foridgawater from the
mound top to the lysimeter could also result in increased DOC adgorand mineraliza-
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tion. This could be the reason for the lack of significant déferes in DOC concentrations
between mounds and reference soil. The differences in DOCsflweee caused by less
drainage water in the mounds. In contrast, brown colored léashéth supposably much
more DOC were observed below mounds of e Egnbiratermes spandNeocapritermes
sp. in the Brazilian rainforest (Amelung et al., unpublished daf#)is suggests that ter-
mite mounds with a hard mound crust, like silvestrii which inhibits water infiltration,
may have a lower effect on soil water DOC concentrations.

Besides DOC, draining water could also contain nutrients @ir timorganic form or
as part of the dissolved organic matter. Okello-Oloya et al8%)1%nd Ndiaye et al.
(2004a) showed that soil/wood- and soil-feeding termites ipitad savannas enrich in
their mounds, aside from organic nitrogen, nitrate by 2—42 tiam@sammonium by 83
times compared to reference soil values. Such enrichments mayeadauated nitrate load-
ings in the leachates of termite mounds (Barnes et al., 1992h@wvn here for mounds of
secondary termites. | measured higher concentrations in theneke soil than Lilienfein
et al. (2003) in a soil of the Brazilian Cerrado nearby Ubatianwhere nitrate was about
0.1 mgNH and ammonium was not detected. Nevertheless, Wilcke & Lilienf2005)
calculated much higher net fluxes of nitrate (100—2200 mgfym) and similar fluxes
of ammonium (100 —200 mg Ny 1) at the same study site as Lilienfein et al. (2003). |
attribute this finding of higher concentrations, but lowexds in my study to a different
rain distribution at the sampling dates, because high conciemisatoincided with low
amounts of leached water. Furthermore, termite mounds had néicagh effect on phos-
phate leaching, though available inorganic phosphorus isas@und to be higher in these
mounds (Chapters 2 & 3).

In summary, the effects on DOC and nitrate were greater belowltheyr mounds in-
habited by secondary termites than below the younger onedjitetidy primary termites,
despite lower organic matter contents in the old mounds (Crefgté& 3). Because age
was only a qualitative classification and the real age of the m®igunknown, it is impos-
sible to attribute the effects to mound aging or the secondanyitee species association
inhabiting the mounds.

5.5 Conclusion

| conclude for this semi-humid savanna ecosystem, that the nigtirethte soil water are lit-
tle influenced by recent mounds with primary termites. Old, seaolydnhabited mounds,
however, have higher nitrate concentrations in their soiewand smaller DOC fluxes.
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Chapter 6

Final discussion and conclusion

6.1 Summaries for the research objectives

The present work clarified the role of termites occurring inAréor the distribution pat-

terns of carbon and phosphorus fractions, and the genesigafdtasoils. The availability

of phosphorus is limited in most tropical soils. It was hypothesimed termites have a
positive influence on phosphorus availability through th@rporation of clay and organic
matter into their nests, and a chemical alteration of the orgaatter. Furthermore, it was
assumed that termites of different feeding guilds have distmpircts on soil properties
in general, and on phosphorus in particular. Hence, | chose ensgiit approach to de-
scribe the effects of different termite species on total andt@sailable phosphorus. For
studying the effect of termites on phosphorus forms in more dé¢arhite mounds of the

Brazilian Cerrado were selected. In particular the spatigdresion to which phosphorus
forms in the soil adjacent to termite nests were modified by ternwessstudied. It was

also expected that the termites, besides soil properties, afiégesesis as well. To elu-
cidate the temporal development of phosphorus forms and soisgemhalso investigated

soil below presumably older, but still inhabited mounds, becauaaddmed mounds are
very rare in the Cerrado. Moreover, the contents and charatits of lignin in nests, nest
surroundings, and older nests were also described. It was alrepdsted in former stud-
ies that lignin resists degradation by termites, and that itnigleed in termite nests relative
to other organic compounds. On the other hand, the persistesoelofignin enrichments,
and the consequences for the soil below termite nests are naédtyeli. To characterize
the lignin alteration during incorporation into new termitest constructions, additional
microcosm experiments with a xylophagous termite species were diois also unknown

if there is any transport of nutrients from still inhabited etst the surrounding soil by
water flow. Actually, as there are no extensive reports onrifleance of termite nests on
the composition of soil solution, | analyzed soil water from teenmtounds and reference
soils.

Consequently, the specific objectives of my work were (i) to desdhe effects of dif-
ferent termite feeding guilds on phosphorus forms, (ii) to elata the spatial and temporal
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effects of termites on phosphorus in their nest and the underioil, (iii) to characterize
the temporal development of lignin in termite mounds and the nyidg soil, and (iv) to
decipher the effect of termite mounds on nutrients in drainuager. Considering those
objectives (see also Section 1.3), | can recapitulate theviolg results of my work:

1. Which effects do different termite feeding guilds have ophosphorus forms?
In the first part (Chapter 2, see also Riickamp et al., 2010), thetefbf wood-feeder
and soil/wood interface-feeder termites (plus some grass-fitderforager and
lichen-feeder termites) of seven Brazilian ecosystems (Terra filgago, Varzea,
Cerrado, Caatinga, Mata Atlantica, Pantanal) on phosptioross in their nest were
studied in comparison to soil and wood used as food sources. Fortlpege, dif-
ferent nest parts (outer wall, inner wall, central part),ss@hd wood were sampled
and analyzed for labile and stable P forms by using sequentiaatixin and liquid-
state31P-NMR spectroscopy. The central part of termite nests contdieedeen
275 and 1871 mg kg total P, dominated by;Rn nests of soil/wood interface-feeder
termites, but with balanced,”nd R contents in nests of wood-feeding termites. All
P, fractions, and, in most nests, also labildd?ms were enriched in termite mounds
in comparison to soils. The P enrichment was most pronounced in riektsTerra
firme and the Igapd, where the total P contents of the soils werdotvest with
141 and 171 mgKkd. Nests of wood-feeding termites accumulated mainly highly
labile resin-R, and partially the stable HgdnP; fractions, apart from & which
can be all attributed to the organic food source and food dmesihe soil/wood
interface-feeder termites had more variations betweenttlesis, but in general they
had higher portions of P bonded to minerals. Hence, it can beluwded that (i)
termite activity results in a gross enrichment of labile P formthenests, (ii) the P
composition in termite nests reflects the major feeding guild,(aindhe degree of
this P enrichment is partly driven by the P stock in the soil.

2. What are the spatial and temporal effects of termites on the mound and the

underlying soil?

The aim of Chapter 3 (see also Ruckamp et al., 2012) was to charadhe changes
of constitutive chemical soil properties and of the soil clasdificain and around
termite nests in the Brazilian savanna. Two transects to a saihag@dl00cm in
each case were dug below three younger moundoofitermes silvestri{the pri-
mary nest builder), three older mounds in whighsilvestriihad died out and which
were secondarily colonized mainly bByasutitermes kemnerand three reference
sites in the Cerrado. Samples from the center of the transeotsolaracterized by
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standard procedures for soil classification; in addition, phogpghextractions were
conducted on selected samples using NaR @D labile P forms, and concentrated
HCI for stable P forms. This data set was then used to build cabioratodels for
the prediction of labile and stable inorganig)(Bnd organic (F) P forms, as well as
for contents of organic carbon (OC) in the remaining sampleb/aqgpmid-infrared
spectroscopy in combination with partial least squares regre§8itRS-PLSR). |
could show that the termite influence on the soil was sufficierstgd to change
diagnostic characteristics of the soils under termite mounds.MIRS-PLSR pre-
dictions were suitable for quantifying organic carbon and nodghe labile and
stable phosphorus fractions. They showed an enrichment of OCCRgt®, and
NaHCG;-P; contents in primarily and secondarily inhabited termite negtsbtors

of 1.6—-2.0 and 1.4-1.5, respectively. The soils surroundieghssts had higher
contents of OC and NaHCEP under both nest types vertically down to 30 cm be-
low the lower nest border. At the same time OC and NaRB®&Owere elevated at
minimum to a lateral distance of 60 cm away from the nest bordeth@&sgpattern of
HClconePi, which comprised 95% of total P, showed no variations betweesiths,

| conclude that the higher NaHGE&P, amount was formed in termite nests by chang-
ing the availability of the more stable HGheP;. In contrast to the contents, the OC
and NaHCQ-P stocks below the primarily inhabited termite mounds were cempa
rable to those secondarily inhabited, because the bulk derigte datter ones was
higher. This was due to a transport of clay-rich material frova subsurface argic
horizons into the nests. Here, the secondary termites evertedvitre lessivation
observed in the reference soils and under mounds inhabiteditmanr termites,
thus causing the soil types to change from Alisols and Acrisotheégroperties of
Umbrisols.

. How is the temporal development of organic matter in termie mounds, which
resists degradation by termites?

Chapter 4 (see also Ruckamp et al., 2011) answered the questwfigha, which
is part of the organic matter not attacked by termites, was purated into termite
mounds and how the lignin status developed from young to otterite nests, us-
ing the same data set as in Chapter 3. Lignin contents were edifmatae sum of
lignin-derived phenols, and additionally by mid-infrared &pescopy followed by a
partial least squares regression. Nests inhabited by primarytésrhad a lignin con-
tent of 1952 mg kg, which was 15 times higher than at 10 cm depth of the reference
soils. In comparison, organic carbon was only enriched by arfaét® in primarily
inhabited nests. My accompanying microcosm experiment showedhdgnin
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composition was not changed during incorporation into termégts. Elevated lig-
nin contents could still be found at 60 cm lateral distance ftbennest border as
well as up to 60 cm soil depth beneath the mounds. The lignin noomelder nests
was only half that of younger nests, and the influence on the nesiusulings was
less prominent. Higher acid-to-aldehyde ratios in these aldsts indicated that
the remaining lignin was oxidized, and thus partly degradednd nest aging. |
conclude that the original mound-builder, the savanna ter@iitglvestriienriches
lignin in its earth mounds, but that only a minor part enters thieggotected lignin
fraction when nests decay, as most of the lignin is lost duringaggsg.

4. |Is there any effect of termite mounds on nutrients in drainaye water?

Finally, Chapter 5 (see also Riickamp et al., 2009) clarifieddleeaf C. silvestrii
mounds in the Cerrado for leaching of nutrients into deepdrhswizons. Free-
draining lysimeters were installed below termite mounds andth#aeference soil
in the same study area as described in the former chapters. The gtdselas reg-
ularly collected during one year, and analyzed for dissolvgdmic carbon (DOC),
phosphate, nitrate, ammonium and pH. Due to the hard outer nésthveavolume
of drainage water was significantly lower under the nests, andasotiae flux of
DOC and nutrients. Only nitrate concentrations were sigmiflgaenhanced under
secondarily inhabited termite mounds. Hence, a small effect dktineite mounds
on mosaic-like patterns of soil nutrients through leachingvident, but only from
secondarily inhabited (i.e. degrading) mounds.

Allin all, the data showed a clear effect of termites on the progs of their nest and the
surrounding soil. It was shown that most termite species enhanphdsphorus availabil-
ity, and that the grass-feeding termites accumulate lignineir thests. The surrounding
soil was influenced by termites lateral adjacent and directten their nests, by which the
land surface affected by termites was extended. Not only sswjlgoroperties, but also
soil genesis was changed by termites through an upwards trao$jotay. Those changes
of the soil were relatively stable under older termite moundstaedexport of nutrients
from older mounds was not elevated, which suggests that teratiteast have a long-term
effect on tropical soils by changing the soil type.
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6.2 Synthesis

6.2.1 Processes driven by Cerrado termites and their classi fication

Cornitermesspecies are dominant termite species in the Brazilian Cerdmumulansn

the southern part, ard. silvestriiin the northern part (Araujo, 1970; Constantino, 2002)).
Hence, the studied termites are the dominant termite specieg liviand on the soil in the
disturbed Cerrado in Northern Brazil. The overall mound dgrigithis area was 72 hk
with an occupied area of 22dhal. The mounds originally built bg. silvestriiaccounted
for about 60% of the total number and for more than 60% of thé tatzupied area, since
those mounds were larger than the others occurring in this &wean though the studied
mounds were conspicuous in the Cerrado, much higher earth mansitids were re-
ported in the literature (Table 6.1). In Australia, mound déesup to 587 ha for a single
species were found (Spain et al., 1983b). For Africa, extrgmaliable mound densities
from 4 to 1239 h& were reported (Table 6.1). Nevertheless, the occupied ar@sarger
with up to 10% (or 20% as an outlier) of the total area in eactystifi Australia and Africa
than in the Brazilian Cerrado studied here (0.1%). Those highbers were, among oth
ers, due to the large mounds of fungus-growing termites in Affidas indicates that the

actual proportion of land which is affected By silvestriiactivities is small compared to
other termite species. However, it was also shown thatilvestriiaffect the surrounding
soil to a lateral distance of at least 60 cm from the mound bordesrefore, the area which
is actually affected bZ. silvestriior their nest inquilines, accounts for 1.1%. In addition, it
can be assumed that the active mound sites are shifting over tharldridat, consequently,
the soil area altered by termites will be larger after a few year

In general, termites are important soil engineers which tramgptot of soil material
(Table 6.2). Excluding the outliers in Table 6.2, which westimated from short-term
measurements, it can be generalized that termites transport Ei@Qikg hat at soil ma-
terial from deeper horizons to the ground level. For exanptessard et al. (2007) mea-
sured 1200 kg h&a?® brought to the soil surface, the mounds grew with 400 kg4,
and 800 kg hd al were immediately eroded and returned to the soil. The annueiltlyro
of mounds referred to in the literature covered a range fromtd0250 kg hd al. The
study of Lobry de Bruyn & Conacher (1995) gives comparableesfor mound density
and the occupied land area to my work (Table 6.1). Theref@ssume that th€. silvestrii
mounds in my study grow in the same order like the mounds in their stady his fairly
moderate estimateof 100 kg hat a! still ignores the annual masses transported to the sur-

LIn this calculation, the existing mound mass per hectardisfapproximately four years old mounds was not
considered.
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Table 6.1 Termite earth mound densities and areas occupied by termite mounds referenced in the literature for various termite species and
savanna ecosystems.

UOoISN|oUO0I pue UOISSNISIP [eul4 9 Jaideyd

Country Ecosystem Termite species Mound status Mound Area Reference
density @ occupied @
ha m? hat
Africa
Burkina Faso woodland savanna® various alive or dead 783 1068.2 Traore & Lepage (2008)
Cote D’'lvoire shrubland various alive or dead 13 910.0 Abbadie et al. (1992)
South Africa shrubland various intact mounds 4 895.1 Moore & Picker (1991)
Zimbabwe woodland Macrotermes michaelseni good to poor 6 707.6 Holdo & McDowell (2004)
Burkina Faso woodland savanna® various alive or dead 390 706.0 Traore & Lepage (2008)
Burkina Faso woodland savanna® various alive or dead 1239 333.0 Traore & Lepage (2008)
Céte D’lvoire shrubby savanna various not reported 16 330.0 Konaté et al. (1999)
Burkina Faso woodland savanna® various alive or dead 381 218.9 Traore & Lepage (2008)
Nigeria savanna Macrotermes bellicosus not reported 7 52.8 Abe et al. (2009a)
Australia
Australia savannaf Drepanotermes perniger, not reported 350 2000.0 Watson & Gay (1970)
Drepanotermes rubriceps
Australia woodland Amitermes vitiosus alive or dead 197 128.0 Spain et al. (1983b)
Australia woodland various alive or dead 283 90.0 Holt et al. (1980)
Australia open woodland 9 Amitermes vitiosus alive or dead 587 89.4 Spain et al. (1983b)
Australia open woodland various not reported 459 88.8 Spain et al. (1983a)
Australia open woodland " Amitermes vitiosus alive or dead 473 61.9 Spain et al. (1983b)
Australia woodland Drepanotermes tamminensis alive or dead 113 57.6 Park et al. (1994b)
Australia shrubland Drepanotermes tamminensis alive or dead 126 37.8 Park et al. (1994b)
Australia heathland Drepanotermes tamminensis good to poor 20 36.0 Lobry de Bruyn & Conacher (1995)
Australia open woodland Drepanotermes tamminensis good to poor 70 28.0 Lobry de Bruyn & Conacher (1995)
South America
Brazil savanna various alive 72 21.9 present work

fu

2 some values were newly calculated; ° with grazing, but without fire; ¢ with grazing and fire; ¢ without grazing and fire; © without grazing, but with fire;  “outbreak” of Drepanotermes;

9 yellow earth; " red earth
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face. When | calculate the organic matter and available ptuvsphmasses incorporated
into the mounds, | come to the conclusion that the accumulateahiorgarbon accounts
for about 4 kg hd a1, NaHCQ;-P; for 1.8ghat al, and NaHCQ@-P, for 4.0ghat al.
These values are very low compared to stocks present in this@ea 00t hal 100 cm?;
NaHCO;-P;: 70 kg hal 100 cml; NaHCO;-Py: 140 kg hat 100 cm?; see also Figure 3.7).
Notably, these accumulated masses are mostly concentrated in obDthécarea.

It can be speculated that a lot of soil material brought to theiumds by Cerrado ter-
mites was immediately returned to the topsoil as described in thly sif Brossard et al.
(2007). This can be a reason for higher contents of carbon hadpborus in the soils
adjacent to the mounds. However, the rate of erosion from temuotends could not be es-
timated. Nevertheless, the nutrient fluxes in soil water wereaed under termite mounds
in comparison to reference soils (Chapter 5; see also Riuckamp 20@9). It will take,
therefore, more than 300 yeAts remove the NaHC@P; contents of older secondarily in-
habited nests by drainage water if the hard termite wall pefsistaich a long time (which
is unlikely). Thus, the removal will be by far faster when the mibpersists only for ap-
proximately ten years. Additionally, it was shown in the micramoexperiment (Chapter
4) that termites transport material out of their nest for the canson of new buildings.
Therefore, the removal of elevated contents in the nests candrefaster by the activity
of (secondary) termites.

It was shown that termites in tidasutitermegyenus in general enriched the easily plant
available NaHC@-P at least as strongly as did t@e silvestrii(Chapter 2; see also Rick-
amp et al., 2010). HoweveNasutitermegN. surinamensisN. ephratag N. cornigel)
studied feed on wood, whereds kemnerioccurring in the Cerrado also feed on dung
(Freymann et al., 2008). Cattle dung is rich in phosphorus (da Williams, 1993; Mc-
Dowell & Stewart, 2005); therefore, also the constructionsenagN. kemnershould be
richin P. In fact, NaHC@-P, and NaHCQ-P, were depleted in the older mounds inhabited
by N. kemnericompared to the younger ones. Also the lignin content in oldemusof
the Cerrado was lower than in primarily inhabited mounds, deslpé& occurrence of wood-
feeding termites, likeN. kemneriand Armitermes euamignathus those older mounds.
For this reason, a large influence of the dung-, wood- and gesshirfg secondary termites
on constructions in the older mounds is not probable. On therdtand, a depletion at
least of lignin can be promoted by soil-feeding termites Hmbiratermes festivellusnd
Labiotermes orthocephalwshich inhabited one replicate of the old mounds. Nevertheless,
in Chapter 3 (see also Ruckamp et al., 2012) it has been alreadlded that the effect of
inquilines on the properties of older mounds is negligibkgduse they occupy only parts

2 According to a rough calculation with a phosphate flux of 26¢2P m? y1.
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Table 6.2 Turnover and soil brought up by termite activities as well as growth and erosion of termite mounds referenced in the literature for
various termite species and savanna ecosystems.

Country Ecosystem Termite species Soil Soil brought Growth of Erosion of Reference
turnover up P mounds 2 living mounds 2
kghata?
Africa
Kenya pasture Pseudacanthotermes spiniger 1300 Kooyman & Onck (1987)
Nigeria woodland Macrotermes nigeriensis 1250 Nye (1955)
Namibia grassland Hodotermes mossambicus 895 Grube (2001)
Uganda pastoral Macrotermes subhyalinus 7167 Pomeroy (1976)
Uganda grassland Macrotermes 3575 Pomeroy (1976)
Uganda garden Macrotermes bellicosus 1263 Pomeroy (1976)
Uganda garden Pseudacanthotermes sp 918 Pomeroy (1976)
Burkina Faso ~ savanna Trinervitermes geminatus 1200 400 810 Brossard et al. (2007)
Kenya open bushland Odontotermes 1059 Bagine (1984)
South Africa savanna Hodotermes mossambicus 700 Hewitt et al. (1990)
Uganda grassland Macrotermes subhyalinus 426 Pomeroy (1976)
Asia
India grassland Odontotermes gurdaspurensis 19080 Gupta et al. (1981) ©
Australia
Australia open woodland Amitermes vitiosus 350 Coventry et al. (1988)
Australia woodland Tumulitermes hastilis 1175 Williams (1968)
Australia open woodland Amitermes vitiosus 400 Holt et al. (1980)
Australia open woodland Drepanotermes tamminensis 105 Lobry de Bruyn & Conacher (1995)
Australia open woodland ¢ Amitermes vitiosus 194 Bonell et al. (1986) and
Holt et al. (1980)
Australia open woodland®  Amitermes vitiosus 147 Bonell et al. (1986) and
Holt et al. (1980)
North America
USA shrub/grass Gnathamitermes tubiformans 5268 MacKay & Whitford (1988) ©
USA grassland Gnathamitermes tubiformans 1248 MacKay & Whitford (1988) ©
USA shrubland Gnathamitermes tubiformans 996 MacKay & Whitford (1988) ©
USA desert grassland  Gnathamitermes perplexus 575 Nutting et al. (1987)
USA desert grassland Heterotermes aureus 70 Nutting et al. (1987)

@ some values were newly calculated; b soil for mounds and sheetings; © extrapolated from short-term measurements; dred earth; © yellow earth
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of those mounds, and they do not rebuild collapsed galleries; aasequence, the bulk
density of the older mounds was higher (Figure 3.1c). Figuteu@derlines the assump-
tion that older mounds were degrading, at least in the cenéralgh the mound, in spite
of termite presence. The core of this mound had been collapsédhamew cavity was
potentially used by other animals like snakes; though, the ontemd wall still existed
and though the water flow into the soil was as small, and compatalhat observed for
younger mounds (Chapter 5; see also Rickamp et al., 2009). Téistpace of the outer
mound wall implies that the wall has a different composition tii@ mound center. A
different chemical composition of the outer wall was documeirtedhapter 2 for C and
P contents, whereas Amelung et al. (2002) found no differefare€ contents between
outer wall, inner wall and nursery of various termite nests ialan Amazonia. Such
hard outer walls still protect the mounds after the death ofctileny, and consequently
they are the reason for the use of those mounds by inquilines REgdf984). Altogether
it points to the implication that the changed properties wsiflible in older mounds were
caused by activities of the primary inhabita®t silvestrii If it is true that the effect of
secondary termites on mound characteristics was small and thstiltledevated contents
of carbon, lignin, and available P were a consequence of theapy termites’ activities, it
is also likely that the primary termites were responsible for tm@nged soil types below
old mounds. In fact, the higher clay content in the topsoil doorated with lower clay
content in the underlying argic horizon, strongly indicgtthat there was rather an upward
transport of clays than a downward transport in consequence whanerosion. However,
the assumption that the primary termites cause the soil type to el@mgnot be verified,
because only very young, fresh looking primarily inhabited nususis well as older, more
weathered secondarily inhabited ones were chosen for the, siindyeas older mounds
inhabited byC. silvestriiwere missing in this study design.

6.2.2 Summary of the life of a Cornitermes mound

The results of my work enable me to generalize the effects of mgumgth and mound
decaying on soil properties in the disturbed Cerrado of NontBzazil. Additionally, the

life of the dominant mounds in this area can be summarized. Inegard, the effects of
theC. silvestriiand inquilines can be described as follows:

1. The original mound-builder€. silvestriiare founding their colonies at suitable mi-
crosites, but my results indicate that they do not have a presigguf an optimal
soil type (Chapter 3).
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Chapter 6 Final discussion and conclusion

Figure 6.1 Photograph of the interior of an old termite nest, which had a hard outer wall, but
a cavity inside.

2. The large supply of litter and grass in the extensive pasture sadtse growth of
theC. silvestriicolonies. This may be a reason for the dominandge.dfilvestriiand
their mounds in such areas.

3. Their food-collecting and mound-constructing activitiesg@an enrichment of or-
ganic carbon, lignin, NaHC#P, and exchangeable cations in their nests and its
surroundings. During ingestion, lignin is preferentially iehed relative to other
organic constituents, because lignin resists degradation as augnotmserved for
grass-feeding termites, and documented for wood-feeding texymitee microcosm
experiment of Chapter 4. The increase of easily plant availattdsphorus contents
is caused by changes in P availability during nest constructithrer than by a accu-
mulation of those P forms by termites.

4. The construction of mounds with hard outer walls reduces thendge of water.
Therefore, the fluxes of nutrients leached out of the mounglseatuced in compar-
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ison to reference soils, despite higher or similar nutrient camagons in the soll
water at the mound sites.

. After a few years secondary termites colonizesilvestriimounds, which are either
still inhabited byC. silvestriilike nest no. 1 with primary termites in Table 3.1, or
the original colony is already dead when the mound is beingmed by inquilines.
The inquilines colonize only parts of the mounds, thus othesspe decaying.

. During occupation of the mound by termites, the soil type diydatllow the mound
is changed from Alisols and Acrisols to Umbrisols, which is a consege of an up-
wards transport of clay by termites. The inquilines can couatelio these changes,
but as the secondary termites only have a small influence on mourgbdmproper-
ties, it is more likely that the clay transport has been done é¢trsilvestrii

. The outer mound wall is conserved at the time of colonizatioh imiquilines, either
by its inherent chemical composition or by the work of secondaingbitants. As a
consequence, the water flow under secondarily inhabited masiegten lower than
in reference soils.

. The secondary inhabitants are active in some parts of the moumdhebcontents
of organic matter and nutrients decline from the highest lavehounds inhabited
by primary termites, although nutrient contents remain highan in the reference
soil. Especially lignin is quickly degraded when it comes integhwith mound

material.

. The question of what happens to the mounds when the secondanyestlie could
not be answered.

6.2.3 Relevance of the termites in the Brazilian Cerrado

Clear effects of theC. silvestriion the accumulation and availability of phosphorus, the

enrichment of lignin, and an upward transport of clay were olebim my studies. Nev-

ertheless, it was shown that these termites had a low impact on ehafig® contents

compared to other termite species occurring in Brazil, andttleabbserved enrichments

were small compared to the soil nutrient stocks. Therefore, | agiteeBlack & Okwakol

(1997) that farming practices may have a greater influenceamgpéand soil nutrients than

the termites. On the other hand, the termites and their moundsarbstacle for the use

of the studied land as an extensive pasture. Termite mounds dezdna problem for

the use of machinery in agriculture (Constantino, 2002), @nsilvestrij Procornitermes
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araujoi as well asArmitermes euamignathase listed as pests for sugarcane and pastures,
for eucalyptus and rice, and for eucalyptus, respectivelyngtamtino, 2002). However,
Constantino (2002) qualified his statements and cited Fergagtdd. (1998): “at least in
pasturesCornitermes sppare best defined as aesthetic pests, because farmers dislike their
presence but they cause little or no real damage to grass pradudiVood (1996) added

“the harvester termites merely remove the little forage thastiock have not consumed”.
Summarizing, it can be said that the studied Cerrado termites mayobeential source for
agricultural damages, but as long as the area is used as an exteasiure, the potential
damages will be small.

Elevated contents of phosphorus fractions and lignin ai@|@ter level, also persistent
below older mounds. However, especially as the NaBg®dractions are not belonging to
the very stable ones in soil, it must be questioned, thereforethisanutrient patchiness
will prevail for decades and above the live cycles of the tegrmounds. In contrast, the
disappearance of the argic horizon below such mounds is renaraabt reverts a soil
formation which otherwise would be unidirectional, and whigkly lasted for millennia
before it is changed by termite activity. In these very longleyof soil formation, even
a coverage of <0.1% soil surface can have a great influence oalldemdscape develop-
ment, depending on the frequency at which new mounds establdibappear.

6.3 Research perspectives

As shown above, my work has been successful in answering the obgdbut some fur-
ther specific questions had arisen during my work. To quantifyritheence of the Cerrado
termites for soil and nutrient accumulation and relocatiowjilitbe necessary for further
studies to know the real age of the individual mounds. A bettemkadge of the mound
age will also help to clarify the roles of primary and secondamnites for soil property
changes and soil genesis. However, the most important point for aggéissitermites’
impact on Cerrado soils is to study the development of the seabnoirabited mounds,
because it remains unclear in my study whether and when the edenatrient content in
those mounds will reach the level of the contents in the reteresoil. Considering this
point, it is also interesting to know whether the nutrient @aitin the topsoil reflects a
former spatial distribution of the mounds. Further studies shdatlifacus on the stability
and the long-term development of the outer wall, because #ntsgvery stable as its com-
position is presumably different from the mound center compasifibe questions listed
above can be summarized under the question of turnover and tengral development
of mound material.
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In addition, it was underlined above that the Cerrado tesriitave an effect on soil
properties, but it is probable that other termites like the advteedingNasutitermesand
Constrictotermer the soil/wood interface feeddiermesand Embiratermesof Brazil
have a much larger impact on soil properties (see Chapter 2).efner it will be suit-
able for upcoming studies to judge the results presented hef@. feitvestriiagainst the
effects of other termite species. This is especially true foirtherporation and temporal
development of lignin as well as for the nutrients and dissobrgdnic matter in the drain-
ing soil solution. The latter for example was observed by Amelungl.e(unpublished
data), who reported much more dissolved organic matter in the stdrvibelow mounds
of Embiratermes spandNeocapritermes spin the Brazilian rainforestConsequently,
those questions address the generalization of the documentedpacts of the Cerrado
termites for other termite species.

Finally, | raise the question of the relevance of termites for topical pastures. It is
well known that the abundance of termite mounds in Braziliastyras is high, especially
in those areas most heavily grazed by cattle (Redford, 1984)quiestions are what factors
lead to variation in the abundance of the mounds and whattemyimpacts mounds have
on the suitability of the soil for land use. Maybe the termitesnestew the rate of land
degradation?
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