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ABSTRACT

Through their role as ‘ecosystem engineers’, termites provide a range of ecosystem services including decomposition, and carbon and nitrogen cycling. Although termite
diversity levels differ between regions as a result of variation in regional species pool size, in general, termite diversity is thought to decline with elevation. This study (1)
investigated how termite species density, abundance, functional group diversity and termite attack on dead wood vary with altitude along an Amazon—Andes altitudinal
gradient in Peru; (2) identified likely environmental causes of this pattern; and (3) explored the implications of termite presence for ecosystem functioning (notably for
decomposition). Termites were sampled with a standardized 100 x 2 m straight-belt transect at five undisturbed forest sites along a gradient 190 to 3025 m, as were
environmental variables and termite and fungus attack on dead wood. Termite diversity was similar to that found at comparable sites in South America, and there was little
turnover of assemblage composition with elevation suggesting that montane specialists are not present. Termite diversity declined with increased elevation, though the upper
distribution limit for termites was at a lower elevation than anticipated. We suggest that key drivers of this elevation pattern are reduced temperature with altitude and mid-
elevation peaks in soil water content. Also, attack on dead wood diminished with decreasing termite indirect absolute abundance, while the depth of the soil humic layer
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increased. We hypothesize that termite abundance is a major accelerant of decomposition rates (and associated mineralization) in Amazonian forests.

Abstract in Spanish is available at http://www.blackwell-synergy.com/loi/btp.

Key words: altitude; decomposition; ecosystem engineer; functional groups; indirect absolute abundance; species density; tropical forest.

THE DECLINE OF TAXONOMIC RICHNESS WITH INCREASING LATITUDE is a
generally accepted diversity trend (Willig ez /. 2003, Hillebrand
2004). The monotonic decrease of species richness with elevation
mirrors this trend, with both patterns often attributed to a reduc-
tion in temperature, productivity and area (Stevens 1992). Another
species richness pattern, widely observed with increasing altitude, is
the mid-elevation peak (or hump-shaped curve; Rahbek 1995, Lo-
molino 2001); a pattern often explained by the presence of climatic
optima at mid-elevations, by the ecotone effect and/or by the mid-
domain effect (Colwell & Lees 2000, Lomolino 2001). In the case
of tropical invertebrates, the majority of species richness studies
show a mid-elevation peak pattern (Rahbek 1995).

Within tropical ecosystems, termites (Blattaria:Termitoidae)
play a key role as ‘ecosystem engineers’, modifying the biotic and
abiotic environment, in turn affecting resource availability for other
organisms (Lavelle ez /. 1997). Termites provide a range of ecosys-
tem services: decomposition, carbon and nitrogen cycling, soil
structuring and the stimulation of microbial activity (Wood &
Sands 1978, Sugimoto ez /. 2000, Donovan ez al. 2002).

Termite diversity generally declines with increased elevation, un-
like that of most other tropical invertebrates studied (Kayani ez al.
1979, Gao et al. 1981, Akhtar er al. 1992, Gathorne-Hardy ez al.
2001). This is usually explained by the reduction in temperature,
linked to metabolic rate (Gathorne-Hardy ez a/. 2001). Termites have
also been observed to have a smaller altitudinal range on smaller
mountains relative to large ones. This is attributed to the Massenerhe-
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bung effect, a phenomenon in which cloud formation occurs at lower
altitudes on smaller mountains, in turn reflecting sunlight and reduc-
ing daytime temperatures at lower elevations (Gathorne-Hardy ez .
2001). Although temperature is an important factor for termites
(because they are ectothermic), various termite functional groups re-
spond differently to temperature due to their different feeding habits.
Soil feeders, for example, are generally more negatively affected. This
is likely to be because they depend on lower energy food substrates
than wood feeders, providing them with less colony-wide energy to
overcome the physiological costs of living at lower temperatures
(Jones 2000, Davies ez al. 2003a). Where mid-elevation peaks in ter-
mite diversity have been documented (Donovan ez a/. 2002, Inoue
et al. 2006), these have been attributed to factors such as ant-
hropogenic disturbance and the limited altitudinal range of the study.

Although temperature is often considered the key factor influ-
encing termite diversity, other nonmutually exclusive factors that
may explain changes in termite diversity with altitude include rain-
fall and the size of the regional species pool. Rainfall can have a
negative effect on termite species richness and abundance in trop-
ical rain forest systems, as very high levels can lead to inundated
microhabitats and colony death (Dibog er al. 1998, Bignell &
Eggleton 2000). At the continental level termite diversity is anom-
alous, with South America apparently intermediate between the
large species pool in Africa and the much smaller one in SE Asia
(Eggleton ez al. 1994, Davies et al. 2003a). Although the termite
assemblage in tropical South America is relatively poorly described,
it can be predicted that termites would occur above the upper limit
recorded for SE Asia (1900 m), because of the larger size of the pool
and the greater height of the Andes mountain range.

© 2010 The Author(s)

Journal compilation © 2010 by The Association for Tropical Biology and Conservation


http://www.blackwell-synergy.com/loi/btp
mailto:kate.parr@ouce.ox.ac.uk

The aims of this study were to: (1) determine how termite
species density, abundance, functional group diversity and termite
attack on dead wood vary with altitude along an Amazon—Andes
altitudinal gradient; (2) identify environmental correlates of this
pattern; and (3) assess the implications of termite presence for eco-
system functioning, notably for decomposition. We test the hy-
potheses that termite species density and indirect absolute
abundance will decline with altitude in response to temperature,
that termites will occur above 1900 m, that assemblage composition
will change at higher elevation (with a greater loss of the more sen-
sitive soil feeders) and that termite-mediated attack on dead wood
will be highest where indirect absolute abundance is greatest.

This study is the first aldtudinal transect for termites reported
from South America, and is also the first systematic faunistic study of
termites in Peru. In addition, this study was conducted over the great-
est altitudinal range surveyed to date for termites (190-3025 m asl).

METHODS

Stupy SITE.—The study was conducted in southeast Peru at five 1-
ha forest sample plots situated along an elevation gradient from low-
land Amazonia (Tambopata National Reserve, Madre de Dios) to
the Koshipata valley region of Manu National Park, Cuzco
(Table 1). All sites are situated on or adjacent to the eastern flank of
the Andes and are located in undisturbed primary forest. Soil textures
are sandy/sandy loam at 190 m, clay loam at 925 m, silt loam at
1500 m and sandy peat/loamy peat at 1850 and 3025 m. Soil pH
ranges from 4.5 to 5 across the elevation gradient. These sites were
chosen because they are relatively accessible and form part of
an intensive multidisciplinary research program, run by the Andes
Biodiversity and Ecosystem Research Group (ABERG) (http://
darwin.winston.wfu.edu/andes/index.php?n=Main.HomePage).

ENVIRONMENTAL SAMPLING.—Air temperature, soil temperature,
rainfall, soil water content and humic layer depth were determined
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at each 1-ha site between November 2006 and October 2008. Air
temperature, soil temperature and soil water content were recorded
monthly, at 25 evenly spaced points (5 x 5 grid with 20 m spacing
between points) across every site. Air temperature was recorded
at breast height under canopy over 12 mo and soil temperature at
10-cm depth over 22 mo, using a Testo 926 thermometer and
Testo penetration probe T260, respectively (Testo Ltd, Hampshire,
UK). Soil water content was recorded over 22 mo with a water con-
tent reflectometer CS616 probe and Hydrosense data logger
(Campbell Scientific, Loughborough, UK) for a depth range of
0-30 cm, directly calibrated for local organic soils. Rainfall was
collected from a rain gauge situated above the canopy at each site,
and was recorded fortnightly over a period of 12 mo.

Humic layer depth (organic litter layer [soil horizons O and
O,l, ie., all horizons with negligible mineral soil content) was
recorded once for each site in August 2008, with the depth mea-
sured using a ruler at 25 evenly spaced points (as above) across the
five sites. Humic layer depth was also sampled in the same way at an
additional three sites (at 2000, 2750 and 3000 m). It should be
noted that air temperature and rainfall data were collected using a
different method at Tambopata (190 m). Air temperature was mea-
sured daily rather than monthly. Additionally, rainfall data were
compiled by L. Aragao (pers. comm.) from a range of local sources
for the period January—December 2006 rather than being collected
every 2wk on site between 2006 and 2008.

TERMITE SAMPLING.
abundance were sampled in June 2008 using a standardized belt

Termite species density and indirect absolute

transect (Jones & Eggleton 2000). Species density refers to the
number of species per unit area, and thus in this case to the total
number of species in each belt transect. Indirect absolute abundance
is defined here as the total number of encounters for each termite
species in a transect. Each encounter (an occurrence of a population
of termites of one species at one excavation point) was recorded
(Davies ez al. 2003b). In this method, it is therefore possible to have

TABLE 1. Study site descriptions.

Site name Coordinates Altitude (m) Forest type Vegetation description

Tambopata 12°49'48" S, 69°16'48" W 190 Lowland rain forest  Tall canopy ( > 50 m in places); well-structured forest; Moraceae and
Fabaceae dominant tree families; palms and lianas abundant; lack of moss
on trees and forest floor

Tono 12°56'49" S, 71°31'59" W 925 Submontane rain  Tall canopy; well-structured forest; Moraceae, Fabaceae and Rubiaceae

forest dominant tree families; tree ferns and bamboo (Guadua and Chusquea spp.)

abundant; moderate amounts of moss on trees and forest floor

San Pedro 13°2'56" S, 71°32/13" W 1500 Cloud forest Moderate canopy height; Euphorbiaceae, Fabaceae and Lauraceae dominant
tree families; arboreal and ground ferns abundant; moderate amounts of
moss on trees and forest floor

Trocha Union,  13°4’16” S, 71°33'18” W 1850 Cloud forest Medium-low canopy; thick undergrowth; Myrtaceae, Clethraeceae and

plot 8 Clusiaceaec dominant tree families; bamboo (Chusquea spp.), and moss

on trees and forest floor abundant

Wayqecha 13°11'24" S, 71°35'13" W 3025 Treeline cloud Medium-low canopy; Weinmannia and Clusia dominant tree genera; arboreal

forest

bromeliads > 5 m, arboreal and ground ferns, and moss on trees and forest

floor abundant; moderate amount of bamboo (Chusquea spp.) in middle storey



http://darwin.winston.wfu.edu/andes/index.php?n=Main.HomePage
http://darwin.winston.wfu.edu/andes/index.php?n=Main.HomePage

102 Palinetal.

more than one encounter of a species per transect section. For the
purposes of brevity, indirect absolute abundance will be referred to
as ‘abundance’ throughout the rest of this paper.

One belt transect, measuring 100 x 2 m and divided into 20
sections (each 5 X 2 m), was laid at each of the five sites. A total of
one person-hour (7.e., 30 min each for two workers) was spent
searching for termites in every section. Searching focused on com-
mon termite microhabitats in accumulations of litter and humus at
the base of trees and between roots, inside and beneath dead wood,
in mounds, nests, carton sheeting and on runways on the ground,
on trees and on vegetation up to a height of 2m (Jones & Eggleton
2000). In addition, in a slight modification of the Jones and Eggl-
eton (2000) methodology, eight soil samples, rather than 12 (each
12 x 12 x 10 cm), were dug per transect section. The time spent
inspecting these samples for termites was additional to the one per-
son-hour per section. In an attempt to investigate the upper limits
of termite distribution, additional 5 X 2 m sections were searched at
25-m elevation intervals above the highest transect where termites
were found (though only 1525 and 1550 m were searched due to
terrain and time constraints). All termites were stored in 80 percent
ethanol, and soldiers and workers were sampled where present.

Because of the limitations of the study, replication at each eleva-
tion was not possible. Nevertheless, the belt transect method is de-
signed to obtain the best possible ‘snapshot’ of conditions in a single
site and has been tested and used extensively in these kinds of studies
(e.g., Jones & Eggleton 2000, Donovan et al. 2002, Eggleton ez al.
2002, Inoue ez al. 2006). We do acknowledge, however, that results
drawn from one transect at each elevation may reflect unique charac-
teristics of that site. Again due to study limits, we were not able to col-
lect data on energy intake by termites or on energy availability in soil/
wood diets. This is recommended for future studies to further our un-
derstanding of the relative energy absorption by wood and soil feeders.

DEAD WOOD SAMPLING.—Dead wood encountered within the belt
transect boundaries was divided into small wood (fallen and sus-
pended up to 2m height; diam >0.5 and < 10cm) and large
wood (fallen and standing; diam >10cm). A 2-m cord was laid at
random in each section of the transect. All small wood items inter-
secting with the line, and all large wood items within the section
were examined. Termite and fungus attack were scored separately
for each item (Table S1, modified after Davies ez 2/. 1999). Termite
attack was indicated by the presence of carton (woody fecal matter),
plastered soil and cavities in the wood, whereas fungal attack was
signaled by the presence of fungal hyphae and/or fruiting bodies as
well as by wood discoloration, weakening and characteristic cracking
(Davies er al. 1999, see also Berge ez al. 2008, Nobre ez al. 2009).

TERMITE IDENTIFICATION.— T ermites were identified at the Natural His-
tory Museum, London. A conservative taxonomic approach was used
throughout, with species being assigned existing names wherever pos-
sible. Termites with soldiers were identified to genus level with Con-
stantino’s (2002) key to Neotropical termite genera, and to species level
with the museum collection and keys (Emerson 1952; Emerson &
Banks 1965; Krishna & Araujo 1968; Constantino 1991, 2000; Maiti
2006; da Rocha & Cancello 2007). Soldierless termites were identified

to genus and species level with L. M. Hernandez’s (unpubl. data) key to
the Apicotermitinae of the Guyana Shield (the only comprehensive key
for soldierless termites in South America). The key is based on the
structure of the worker gut, particularly the enteric valve. Enteric valves
were dissected and examined under a compound microscope.

Termites were also classified according to functional group
(which is interchangeable with feeding group). There are four feed-
ing groups: group I termites feed on undecayed dead wood, group
II termites feed on substrate from decayed wood to very decayed
wood/humus, group III termites feed on pure humus and humus
particles in the soil and group IV termites feed on the most nutrient
poor organic material in the soil (Donovan et 2/. 2001, Davies ez al.
2003a). Thus groups I and II are wood feeders, and groups III and
IV are soil feeders. Termite voucher collections are housed at Univ-
ersidad Nacional de San Antonio Abad del Cuzco, Peru, and at the
Natural History Museum, London.

DATA ANALYSIS.—Environmental data were analyzed using one-way
analysis of variance (ANOVA) followed by Bonferroni post-hoc com-
parisons in SPSS version 16.0. Where the homogeneity of variance as-
sumption was not met, the Welch F-ratio was reported instead of the
normal ANOVA F-ratio. Observed species accumulation curves were
calculated with EstimateS using a sample-based technique with 100
runs (Colwell 2005; see also Gotelli & Colwell 2001). Nestedness Cal-
culator software, developed by W. Atmar and B. D. Patterson, was
used to test how nested the assemblages were (Atmar & Patterson
1995). The differences between termite attack scores at each site and
fungal attack scores at each site were tested with a Kruskal-Wallis test
followed by post-hoc Mann—Whitney U tests in SPSS version 16.0.
Bonferroni corrections were applied so that the level of significance was
0.005 for all and small dead wood, and 0.008 for large dead wood.

RESULTS

ENVIRONMENTAL VARIABLES.—Median monthly air temperature and soil
temperature decreased with increasing aldtude (Figs. 1A and B). The
means of air and soil temperature decreased steadily from 24.7°C and
24.2°C, respectively, in the lowland rain forest (190 m), to 12.9°C and
11.5°C, respectively, at the topmost site (3025 m), near the treeline.
Monthly temperature range was fairly constant across all sites, although
air temperature range was slightly reduced at 1850 m (the base of the
cloud zone) and soil temperature variation was greater at 3025 m (the
top of the cloud zone; Figs. 1A and B). There was a significant differ-
ence in soil water content with elevation (ANOVA: Welch Fj 3, =215,
P < 0.0001), with median monthly soil water content significantly
higher at the mid-elevation site (1500 m; Fig. 1D). Annual rainfall
peaked at a lower elevation (925 m; Fig. 1C), and declined significandy
at 3025 m, unlike soil water content. There was also a significant
difference in the depth of the carbon-rich humic layer with elevation
(F4,53=61.6, P < 0.0001). Median depth was < 5cm in the low-
lands, rose rapidly between 925 and 1500 m, and remained steady
between 20 and 45 cm from 1850 to 3025 m (Fig. 1E).

TerMITES.—Forty-nine species of termite, representing 30 genera,
were collected across the elevation gradient, although termites only
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FIGURE 1. Environmental variables plotted against altitude: monthly air temperature (A), monthly soil temperature (B), annual rainfall (C), monthly soil water

content (D), and humic layer depth (E). Air and soil temperatures were significantly different along the altitudinal gradient (F s3=78.8, P < 0.0001; Fy g5 = 96.4,

P < 0.0001, respectively). Plots (A), (B), (D), and (E) show the median, interquartile range and nonoutlier total range. Bonferroni post-hoc comparison outcomes are

coded in letters.

occurred in the lowest three transects. Eighteen species are newly
recorded, awaiting formal description, with five species being ‘near’
described species and two genera being ‘near’ described genera (Ta-
ble S1). Species accumulation curves indicate that sampling was
relatively complete at 925 and 1500 m, with the curve approaching
an asymptote for these sites. At the lowest elevation site (190 m),
however, the curve was still increasing steeply indicating that sam-
pling was not complete (Fig. 2).

Overall termite species density and abundance declined with
increased altitude, with the upper limit to termite distribution being
between 1500 and 1850 m (Figs. 3A and B). The feeding groups

terson 1995) observed nestedness temperature was calculated as 6.0°
compared with a mean of 35.6° for the randomized data (999 per-
mutations, P for the data not being nested < 0.00001).

DEAD WOOD DECOMPOSITION.— Termite attack on dead wood de-
clined significantly > 190 m, and was not detected > 1500 m. In
contrast, fungal attack declined between 190 and 1500 m and re-
mained relatively constant up to 3025 m (Fig. 4A). These patterns
are reflected not only in the termite and fungal attack on small and
large dead wood, but also in the proportion of dead wood attacked

responded differentially to altitude, with soil feeders having a lower 45 7 —A— 190m site
elevation limit than wood feeders. Soil feeders declined to zero 40 4 —@— 925m site
abundance between 925 and 1500 m, while wood-feeders declined 35 -#- 1500m site
to zero abundance between 1550 and 1850 m (as wood feeders were B8 30

found in the 1500 m transect and also in the two additional termite E o5 |

searches at 1525 and 1550 m). Despite this, group III soil-feeding s

termites had the highest species density and abundance over the 2 201

whole gradient. Also, among soil-feeding species, the proportion §- 15 1

with a soldier caste dropped from 33 percent at 190 m to 17 percent 10 A

at 925 m (Table S2; Fig. 3C). Note that only Apicotermitinae are 5

soldierless in this region. 0 - | | | : :

Overall the species assemblages exhibited a high degree of nest-
edness (i.c., populations at higher elevations are largely a subset of the
populations at lower elevations), indicating that there is litde turnover
of species with increasing elevation. On a scale where 0° represents a
system absent of all randomness (i.e., maximally ‘cold’) and 100° rep-
resents a system absent of all order (maximally ‘hot’) (Atmar & Pat-

0 2 4 6 8 10 12
Section number

14 16 18 20

FIGURE2. Species accumulation curves for termite sampling at 190, 925 and
1500 m sites. Each section measures 5 X 2 m, and there are 20 sections in each

transect.
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feeders while groups III and IV are soil feeders. Termite species density, catego-

rized by whether the species has a soldier caste or not, plotted against altitude (C).

at each site (Figs. 4B-D). Mean termite attack on dead wood was
significantly different between sites (H =276, P < 0.0001; H =253,
P < 0.0001; H=26.5, P < 0.0001, for all, small and large wood,
respectively). Mean fungal attack on dead wood was also signifi-
cantly different between sites (H=105, P < 0.0001; H=85.2,
P < 0.0001; H=15.2, P < 0.002, for all, small and large wood,
respectively).

DISCUSSION

GLOBAL AND REGIONAL CONTEXT.— 'ermite species density, assem-
blage composition and feeding group dominance patterns found in
this Peruvian study are similar to those found at the few other com-
parable sites in South America that have been sampled using the

transect method (e.g., French Guiana; Davies er a/. 2003a, b). This
lends further support for the idea that the South American assem-
blage has intermediate levels of termite diversity relative to African
and SE Asian pools (Davies ez /. 2003a). Although a large propor-
tion of termite species found in this study appear to be new (37%)
and await formal description, this large proportion of new species
may reflect under-sampling of the region’s fauna rather than sig-
nificant variation in species assemblages across South America.

TERMITES, ELEVATION AND POTENTIAL DRIVERS.—As found in a study
of termite diversity in Sumatra, Indonesia (Gathorne-Hardy et al.
2001), and as expected, termite species density and abundance de-
clined with elevation (Figs. 3A and B), along with air and soil tem-
peratures (Figs. 1A and B). While a causative relationship cannot be
inferred by correlative patterns, this similarity of trends does pro-
vide support for Gathorne-Hardy er a/l’s (2001) explanation that
the lowering of temperature lowers termite metabolic rates, in turn
negatively affecting termite diversity; this also reflects latitudinal
patterns of termite diversity (see Davies ez a/. 2003a).

Also as predicted, the altitudinal limit of soil-feeding termites
was lower than for wood-feeding termites (Fig. 3A); a similar trend
was found by Donovan ez al. (2002). Additionally, there was a
marked reduction in the number of soil-feeding species with a sol-
dier caste at 925 m (Fig. 3C). These patterns lend further support to
Gathorne-Hardy ez l.’s (2001) theory that temperature and energy
supply drive termite diversity. We suggest that while temperature
overall is the constraint on termites (both soil feeders and ones with
soldiers too), within termites the gradient of the decline depends on
feeding group: soil feeders are likely to be more affected because of
their energy requirements. The lower down the humification gra-
dient a species feeds, the more likely they are to be affected by al-
titude, because the lower they are down the gradient, the lower the
energy of their food. This simply mirrors what happens with lati-
tude, which is also predominantly a temperature effect (see Davies
et al. 2003a). The termites least affected by altitude are therefore
wood feeders, and all wood-feeding termites have soldiers. Hence, it
is not surprising that soldiers of wood-feeding species were found at
high altitudes. Conversely, because soil feeders derive less energy
from their food substrate than wood feeders, they drop out at a
lower elevation (higher temperature) than other termites.

The finding that among soil-feeding termites, there was almost
double the density of soldierless termite species at the intermediate
elevation site (925m) compared with the lowest elevation site
(190 m) is especially interesting. All things being equal, it might
be expected that a species that does not produce soldiers makes
some energetic saving compared with a species that invests energy in
producing soldiers. Our results support the idea that soldierless ter-
mites may be favored at sites where soil-feeding termites are under
energetic stress, but are still able to persist (e.g., 925 m; Fig. 3C);
this is merely a hypothesis from a single site and requires further
testing to be confirmed. While temperature seems to be an impor-
tant influence on diversity overall in this system, it is, however,
difficult to tease apart the relative importance of temperature aver-
ages, extremes and ranges without further physiological studies.
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Species assemblages along the elevation gradient were highly
nested providing support for Donovan ez al’s (2002) observation
that upper assemblages tend to be a subsample of the lowland spe-
cies pool. This nested pattern was primarily influenced by the two
lowest sites (79% of species at 925 m were found at 190 m), with
two of the three species found at 1500 m not observed at lower
elevations (Table S2). As both termite species density and abun-
dance were low at 1500 m, it is not possible, however, to draw firm
conclusions about whether these two species were exclusive to this
elevation or simply rare at lower elevations.

Contrary to expectations, the upper distributional limit for
termites in this system was much lower than anticipated, and below
the upper limit recorded in Sarawak, SE Asia (1850 m in Peru
compared with 1930 m in Sarawak; see Collins 1980). Although
temperature is an important factor in this system, temperatures at
comparable elevations were lower in SE Asia (ie., 16.3°C at
1860 m compared with 17.8°C at 1850 m in Peru); this is expected
under the influence of the Massenerhebung effect because of the
difference in mountain size (2376 m asl in Sarawak vs. cz 4000 m asl
in Peru). The decline of termite diversity at lower elevations in Peru
is also in spite of there being a larger species pool in South America
than in SE Asia.

An explanation for this unexpectedly low elevation limit of
termites may be related to high soil water content at mid-elevation
Peruvian sites; a pattern associated with the persistence of cloud

immersion causing high fog deposition and low evapotranspiration
(characteristic of the cloud forest) (Hamilton ez al. 1994). The high
mean monthly soil water content at 1500 m (66%; Fig. 1D) com-
bined with lower temperatures may make habitat conditions too
hostile for soil feeders (that live and forage in the soil) to survive,
and thus explain their rapid decline and disappearance at higher
elevations. The persistence of high soil water content (62%) at
1850 m also suggests high wood moisture content, and may explain
the decline of wood feeders between 1550 and 1850 m (while some
termites respond positively to waterlogging, these groups do not
occur in our study areas). The high values of moisture content are
likely linked to frequent immersion in clouds (i.e., cloud droplet
deposition and low evapotranspiration) rather than rainfall (which
declines with elevation from a submontane peak; see also Hamilton
et al. 1994).

In conclusion, we suggest the main drivers of the decline in
termite diversity with altitude in Peru are likely to be reduced tem-
perature acting in concert with increased soil (and perhaps wood)
water content at the upper limit of termite distribution. In future, it
would be interesting to explore the relative contribution of each
factor.

ECOSYSTEM FUNCTIONING AND ROLE OF TERMITES.— ['ermites are rec-

ognized to be major agents of woody matter and soil breakdown in
lowland tropical systems (Wood & Sands 1978, Bignell &
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Eggleton 2000). In our Peruvian study, termite attack on dead
wood only occurred to a significant degree at 190 m, where wood
feeder abundance was high (Figs. 3B and 4). While termite attack
on dead wood was not a significant feature at higher elevations
(most likely due to very low or zero wood feeder abundance)
(Fig. 3B), fungal attack on dead wood was significant across the
whole elevation gradient (Fig. 4). While it seems that termites, and
so also termite attack on dead wood, were excluded by low temper-
atures and high soil water content above 1850 m, fungal attack was
not excluded. Given that fungus-mediated decomposition is
thought to decline in response to soil and/or wood desiccation
(Davies et al. 1999), fungal attack on wood may in fact be main-
tained (although is not necessarily high) at higher elevations by the
high soil (and wood) moisture content above 925 m (Fig. 1D).

Finally, it is also intriguing to note that where soil-feeding ter-
mites were present and abundant, the soil organic horizon was very
thin (4-5 cm), while the converse occurred at higher elevations (Fig.
5). Importantly, the zone where soil feeders drop out (9251500 m)
coincides with a marked rise in the mean depth of the humic layer
(from 5 to 11 cm), and where termites are absent, the humic layer
depth remains thick across a wide elevation and temperature range.
This correlative pattern, while not demonstrating a causal link, leads
us to hypothesize that although termites are not the sole agent of soil
decomposition in this system (microbial and microarthropod decom-
position also play a role), soil-feeding termite abundance is a major
accelerant of soil decomposition rates (and associated mineralization)
in lowland Amazonian forests, and that their absence may explain the
appearance and persistent thickness of a soil humic layer above
1500 m. While wind deposition can result in deep soil depth in some
higher montane regions, the soils within tropical cloud forests at
higher elevations have a deep organic layer comprised of relatively
coarse debris ( > 1 mm) and with zero mineral content across most
of it (Penafiel 1994); this suggests that the soil thickness is very un-
likely to be due to windblown material.

Manipulative experiments may prove especially fruitful in in-
vestigating further the role of termites in decomposing soil in trop-
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ical systems and ascertain any consequential effects on ecosystem
functioning. One experimental approach would be to translocate
cloud forest soils into lowland environmental conditions, conduct a
number of treatments to exclude termites, fungi and microbes, and
monitor the effect of treatment on decomposition rates.

ACKNOWLEDGMENTS

This study is a product of the ABERG, supported by the Gordon
and Betty Moore Foundation and the Natural Environment Re-
search Council. We thank J. Silva Espejo for help with logistics and
permits, and N. Salinas and M. Silman for infrastructural support.
We are grateful to the Peruvian Environment Agency, INRENA
and the Manu National Park for permission to conduct this study,
and to the managers and staff of the Explorer’s Inn, Tambopata, for
hosting our research there. We thank T. Webb and Z. Bartakova
for fieldwork assistance, O. Scholtz for identification assistance,
D. Jones for stimulating discussions, Explorer’s Inn (Tambopata)
for temperature data, L. Aragao for rainfall data, J. Rapp, J. Fisher
and A. Gibbon for field information and C. Chavana-Bryant for
abstract translation. OFP gratefully acknowledges funding from an
Environmental Change Institute internship, YM thanks the Jack-
son Foundation and CLP is grateful to the Trapnell fund for fund-
ing. OFP undertook the data collection, analysis, termite
identifications and wrote the paper, PE assisted with termite iden-
tification and intellectual input, YM provided funding and intel-
lectual input, CG provided environmental data and advised on
logistics, AD assisted with field sampling and provided site infor-
mation and CLP developed the conceptual design, and contributed
to field sampling, analysis and write-up.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

TABLE S1. Method for scoring termite and fungal attack on dead
wood.

TABLE S2. Termite species assemblage, density and indirect absolute
abundance at the three study sites where termites were found.

Please note: Wiley-Blackwell is not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.

LITERATURE CITED

AKHTAR, M. S., S. AWAN, AND A. SHAKOOR. 1992. Altitudinal distribution of
termite species in Azad Kashmir. Pak. J. Zool. 24: 91-94.

ATMAR, W., AND B. D. PATTERSON. 1995. The nestedness temperature calcula-
tor: A visual basic program, including 294 presence-absence matrices.
AICS Research, Inc./The Field Museum, University Park, New Mexico/
Chicago, Illinois.

BeRrGE, L., D. E. BIGNELL, H. RAHMAN, AND D. F. R. P. BURSLEM. 2008. Quan-
tification of termite attack on lying dead wood by a line intersection



method in the Kabili-Sepilok Forest Reserve, Sabah, Malaysia. Insect
Conserv. Diversity 1: 85-94.

BigNELL, D. E., aND P. EGGLETON. 2000. Termites in ecosystems. /n T. Abe,
D. E. Bignell, and M Higashi (Eds.). Termites: Evolution, sociality,
symbioses, ecology, pp. 363-387. Kluwer Academic Publishers,
Dordrecht, The Netherlands.

CotLins, N. M. 1980. The distribution of soil macrofauna on the west ridge of
Gunung (Mount) Mulu, Sarawak. Oecologia 44: 263-275.

CoLweLL, R. K. 2005. EstimateS: Statistical estimation of species richness and
shared species from samples, Version 8. User’s guide and application.
Available at hetp://purl.oclc.org/estimates (accessed 19 February 2009).

Corwert, R. K., anp D. C. Lees. 2000. The mid-domain effect: Geometric
constraints on the geography of species richness. Trends Ecol. Evol. 15:
70-76.

CONSTANTINO, R. 1991. Notes on Neocapritermes Holmgren, with description of
the two new species from the Amazon Basin (Isoptera, Termitidae,
Termitinae). Goeldiana Zoologia Numero 7: 1-13.

CoNsTANTINO, R. 2000. Key to the soldiers of South American Heterotermes
with a new species from Brazil (Isoptera:Rhinotermitidae). Insect Syst.
Evol. 31: 463-472.

CoNSTANTINO, R. 2002. An illustrated key to Neotropical termite genera (In-
secta:Isoptera) based primarily on soldiers. Zootaxa 67: 1-40.

Da RocHa, M. M., anp E. M. CaNceLLo. 2007. Estudo taxonémico de
Cylindrotermes Holmgren (Isoptera, Termitidae, Termitinae). Pap. Av-
ulsos Zool. (Sao Paulo) 47: 137-152.

Davies, R. G., P. EcGLETON, L. DI1BOG, J. H. LAWTON, D. E. BIGNELL, A. BRAU-
MAN, C. HarTMANN, L. Nunts, J. Hovr, anp C. Routanp. 1999. Suc-
cessional response of a tropical forest termite assemblage to experimental
habitat perturbation. J. Appl. Ecol. 36: 946-962.

Davies, R. G., P. EcGLETON, D. T. JONES, F. J. GATHORNE-HARDY, AND L. M.
HERNANDEZ. 2003a. Evolution of termite functional diversity: Analysis
and synthesis of local ecological and regional influences on local species
richness. J. Biogeogr. 30: 847-877.

Davies, R. G., L. M. HERNANDEZ, P. EGGLETON, R. K. DiDHAM, L. L. FAGAN,
AND N. N. WINCHESTER. 2003b. Environmental and spatial influences
upon species composition of a termite assemblage across Neotropical
forest islands. J. Trop. Ecol. 19: 509-524.

DiBoG, L., P. EGGLETON, AND F. Forz1. 1998. Seasonality of soil termites in a
humid tropical forest, Mbalmayo, southern Cameroon. J. Trop. Ecol.
14: 841-850.

Donovan, S. E., P. EGGLETON, AND D. E. BIGNELL. 2001. Gut content analysis
and a new feeding group classification of termites (Isoptera). Ecol. En-
tomol. 26: 356-366.

Donovan, S. E., P. EGGLETON, AND A. MARTIN. 2002. Species composition of
termites of the Nyika plateau forests, northern Malawi, over an altitudi-
nal gradient. Afr. J. Ecol. 40: 379-385.

EGGLETON, P., D. E. BIGNELL, S. HAUSER, L. DI1BOG, L. NORGROVE, AND B. MaA-
DONG. 2002. Termite diversity across an anthropogenic disturbance gra-
dient in the humid forest zone of West Africa. Agric. Ecosyst. Environ.
90: 189-202.

EGGLETON, P., P. H. WiLLiams, AND K. J. GastoN. 1994. Explaining global termite
diversity: Productivity or history? Biodiversity Conserv. 3: 318-330.
EMERSON, A. E. 1952. The Neotropical genera Procornitermes and Cornitermes
(Isoptera, Termitidae). Bull. Am. Mus. Nat. Hist. 99: 475-540.
EMERSON, A. E., AND F. A. Banks. 1965. The Neotropical genus Labiotermes
(Holmgren): Its phylogeny, distribution and ecology (Isoptera, Termit-

idae, Nasutitermitinae). Am. Mus. Novitates 2208: 1-33.

Gao, D., Z. BENZHONG, G. ANHU, AND H. LixiN. 1981. Study on vertical dis-
tribution of termite of Mount Emei with description of two new species.
Entomotaxonomia III: 211-216.

Termite Diversity along an Elevation Gradient 107

GATHORNE-HARDY, F., SYAUKANI, AND P. EGGLETON. (2001). The effects of
altitude and rainfall on the composition of the termites (Isoptera) of
the Leuser Ecosystem (Sumatra, Indonesia). J. Trop. Ecol. 17:
379-393.

GoreLL, N. J., AND R. K. CoLwELL. 2001. Quantifying biodiversity: Procedures
and pitfalls in the measurement and comparison of species richness.
Ecol. Lett. 4: 379-391.

Hamicton, L. S., J. O. Juvic, anp F. N. Scatena (Eds.). 1994. Tropical mon-
tane cloud forests. Springer-Verlag, New York, New York.

HiLLeBRAND, H. 2004. On the generality of the latitudinal diversity gradient.
Am. Nat. 163: 192-211.

INoUE, T., Y. TAKEMATSU, A. YAMADA, Y. HONGOH, T. JoHJIMA, S. MORIYA, Y.
SORNNUWAT, C. VONGKALUANG, M. OHKUMA, AND T. Kupo. 2006.
Diversity and abundance of termites along an altitudinal gradient
in Khao Kitchagoot National Park, Thailand. J. Trop. Ecol. 22:
609-612.

Jongs, D. T. 2000. Termite assemblages in two distinct montane forest types at
1000m elevation in the Maliau Basin, Sabah. ]J. Trop. Ecol. 16:
271-286.

Jongs, D. T., anD P. EGGLETON. 2000. Sampling termite assemblages in tropical
forests: Testing a rapid biodiversity assessment protocol. J. Appl. Ecol.
37:191-203.

Kavani, S. A., K. H. SHEIKH, AND M. AHMAD. 1979. Altitudinal distribution of
termites in relation to vegetation and soil conditions. Pak. J. Zool. 11:
123-137.

Krisana, K., aND R. L. Araujo. 1968. A revision of the Neotropical termite
genus Neocapritermes (Isoptera, Termitidae, Termitinae). Bull. Am.
Mus. Nat. Hist. 183: 135-222.

LAVELLE, P., D. BIGNELL, M. LEPAGE, V. WOLTERS, P. ROGER, P. INESON, O. W.
HeaL, AND S. DHILLION. 1997. Soil function in a changing world:
The role of invertebrate ecosystem engineers. Eur. J. Soil Biol. 33:
159-193.

LomoLiNo, M. V. 2001. Elevation gradients of species-density: Historical and
prospective views. Global Ecol. Biogeogr. 10: 3-13.

Marri, P. K. 2006. A taxonomic monograph on the world species of termites
of the family Rhinotermitidae (Isoptera:Insecta). Memoirs 20: 1-272.

NoBRE, T., L. NUNES, AND D. E. BIGNELL. 2009. Survey of subterranean termites
(Isoptera:Rhinotermitidae) in a managed silvicultural plantation in
Portugal using a line-intersection method (LIS). Bull. Entomol. Res.
99: 11-21.

PeNAFIEL, S. R. 1994. The biological and hydrological values of the Mossy For-
ests in the Central Cordillera Mountains, Philippines. /» L. S. Hamil-
ton, J. O. Juvik, and F. N. Scatena (Eds.). Tropical montane cloud
forests, pp. 266-273. Springer-Verlag, New York, New York.

RanBek, C. 1995. The elevational gradient of species richness: A uniform pat-
tern? Ecography 18: 200-205.

Stevens, G. C. 1992. The elevational gradient in altitudinal range: An
extension of Rapoport’s latitudinal rule to altitude. Am. Nat. 140:
893-911.

SucimoTo, A., D. E. BIGNELL, AND J. A. MacDoNaLD. 2000. Global impact
of termites on the carbon cycle and atmospheric trace gases. n T. Abe,
D. E. Bignall, and M Higashi (Eds.). Termites: Evolution, sociality,
symbioses, ecology, pp. 409—435. Kluwer Academic Publishers, Do-
rdrecht, The Netherlands.

WiLLiG, M. R., D. M. Kaurman, aND R. D. STEVENS. 2003. Latitudinal gradients
of biodiversity: Pattern, process, scale, and synthesis. Annu. Rev. Ecol.
Evol. Syst. 34: 273-309.

Woob, T. G., AND W. A. SanDs. (1978). The role of termites in ecosystems. In
M. V. Brian (Ed.). Production ecology of ants and termites, pp.
245-292. Cambridge University Press, Cambridge, UK.


http://purl.oclc.org/estimates

