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 Nutrient Cycling by the Subterranean Termite Gnathamitermes tubiformans
 in a Chihuahuan Desert Ecosystem

 Douglas A. Schaefer* and Walter G. Whitford
 Department of Biology, New Mexico State University, Las Cruces, NM 88003

 Summary? We estimated the density of subterranean termites
 Gnathamitermes tubiformans at 800,000 ? ha "1 for a standing crop
 biomass of 2 kg ha"1 Pr?dation losses were estimated to be
 5.73 kgha_1yr_1 representing the major release of nutrients
 from termites to surficial soil layers. Nutrient fluxes from ter-
 mites to predators amounted to 410 g N-ha^-yr"1, 33 g
 Sha_1yr_1 and 19 g Pha^yr"1. These fluxes account for
 8% of the litter N, 1.5% of the litter ? and 2.9% of the litter
 S. The termites fixed an estimated 66 g ha" * yr~ * atmospheric
 ? and returned an estimated 100 gha^yr'1 in the surface
 gallery carton. Since losses of elements from subterannean ter-
 mites were greater than standing crops, we estimated an annual
 turnover of ? at 3.5 times per year, ? of 2.5 times per year,
 and S of 2.5 per times per year.

 Since surface foraging, pr?dation and alate flights are pulse
 regulated by rainfall, nutrient flows through subterranean ter-
 mites are episodic and releases of nutrients accumulated in ter-
 mite biomass proceeds or is coincident with productivity
 "pulses" of some shallow rooted plants. We propose that subter-
 ranean termites are important as regulators in desert nutrient
 cycles.

 Introduction

 Chew (1974) suggested that although consumers process only
 a small fraction of the energy fixed in ecosystems, hence appear
 to be relatively unimportant in energy flow, they may serve
 to regulate the rates of ecosystem processes like nutrient cycling.
 Similar suggestions have been made by Mattson and Addy
 (1975).

 Termites are prominent, if not visible, consumers in most
 deserts (Ghilarov 1962; Boullon 1970; Lee and Wood 1971;
 Bod in e and Ueckert 1975; Haverty etal. 1975) and have been
 estimated to consume as much as 50% of the net primary produc-
 tion in Chihuahuan desert ecosystems (Johnson and Whitford
 1975). Termites are excellent organisms for a test of Chew's
 hypothesis because organisms estimated to process such a large
 fraction of the net primary production should also have large
 and measurable effects on nutrient cycles.

 Consumption and food preference of desert termites have
 been examined (Haverty and Nutting 1975; LaFage et al. 1976;
 Spears etal. 1976; Johnson and Whitford 1975) but there are
 no measurements of rates of consumption of non-woody desert
 plants or litter by subterranean termites. Estimation of the contri-
 bution of termites to nutrient cycles requires estimates of that

 portion of the potentially available nutrients (in dead plants
 and litter) consumed by termites and released to the rhizosphere
 and higher trophic levels. Novel physiological adaptations such
 as nitrogen fixation (Beneman 1973; Breznak et al. 1973; French
 etal. 1976; Schaefer and Whitford 1976) need to be assessed
 in the perspective of nitrogen inputs and outputs of termites.
 Since desert subterranean termites were estimated to consume

 a large fraction of the standing crop of dead plant material
 each year (Johnson and Whitford 1975) and because of their
 unique nitrogen metabolism (French et al. 1976), we hypothe-
 sized that termites would play a major role in nutrient cycling
 in a desert ecosystem. We further hypothesized that termites
 would be more important in nitrogen cycling than in phosphorus
 or sulfur cycles. This study was designed to examine role of
 the subterranean termite Gnathamitermes tubiformans (Buckley)
 (Isoptera: Termitidae) in nitrogen, phosphorus, and sulfur nu-
 trient cycles in a Chihauahuan desert ecosystem.

 Methods

 Our studies were conducted on the New Mexico State University Ex-
 perimental Ranch 40 km NNE of Las Cruces, Dona Ana County,
 New Mexico, on an alluvial piedmont. The desert shrub vegetation
 is predominently soaptree yucca, Yucca elata, creosote bush, Larrea
 tridentata, and mormon tea, Ephedra trifurca, with perennial clump
 grasses and ephemeral forbs accounting for most of the ground cover.
 The 100-year annual rainfall average ? one standard deviation is 211 ?
 77 mm with more than half occurring between 1 July and 30 September
 from convectional storms (Houghton 1972). June is the hottest month
 with mean temperature maxima of 36? C, and January is the coldest
 with mean maxima of 13? C.

 All termites collected were Gnathamitermes tubiformans (Buckley).
 Termite colony density was estimated by the bait technique using
 two large grids of toilet tissue rolls (Haverty etal. 1975; Johnson
 and Whitford 1975; Haverty et al. 1976; LaFage et al. 1976). Numbers
 of active foragers collected on the rolls were converted to numbers
 per hectare. Colony foraging areas were delimited spatially by deter-
 mining whether or not termites collected from adjacent rolls reacted
 aggressively to each other. Aggressive behavior was a vigorous attack
 involving rapid motion and shearing of joints or body sections with
 the mandibles. The termites exhibiting such behavior were scored as
 foragers from different colonies.

 The total number of termites per ha. was derived with Nutting's
 estimate (in Johnson and Whitford 1975) of 10,000 termites per colony
 for G. perplexus, a closely related species, multiplied by the estimated
 colony density. Area estimates of numbers of actively foraging termites
 were made at the same time although these numbers are known to
 seriously underestimate the total numbers of termites in a colony (Ha-
 verty 1974; Johnson and Whitford 1975). Samples were collected alive
 from the bait rolls and held at 0? C for later drying and analyses.
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 Densities of the shrub species Larrea tridentata, Yucca elata, Ephed-
 ra trifurca and Xanthocephalum sarothrae were estimated by the wan-
 dering quarter method (Cantana 1963). Stems and leaves were sampled
 and dried for elemental analyses. Canopy height and width were mea-
 sured for each shrub to determine volumes. Canopy biomass (parti-
 tioned into leaf and stem material) was estimated from canopy volume
 by the regression equations of Ludwig etal. (1975). The pools of
 nutrient elements N, P, and S for the leaf and stem material of each
 species were estimated by multiplying elemental concentrations by the
 dry weight per hectare, and summing for each element. Densities of
 the annual forbs and grasses were estimated by the point-center-quarter
 method (Cottam and Curtis 1956). All aboveground material was har-
 vested, dried, weighed, and elemental pools estimated.

 Surface litter was swept from 20 randomly placed 1 m2 quadrats.
 The litter was separated from fine soil particles on a 24-mesh sieve,
 and from large particles and gravel by water flotation. The litter was
 skimmed and dried, hand sorted into categories (rabbit fecal pellets,
 wood, fallen yucca, Astragalus spp. stems, Cryptantha spp. and other)
 and weighed. Sub-samples were ground to 40 mesh for elemental analy-
 ses.

 The harvesting of plant parts by termites was estimated by a modi-
 fied litter bag technique. Seven dominant forb and grass species were
 harvested at the end of July and dried. Approximately 10 g of each
 species were weighed and placed in each of 10-coarse (1.3 mm holes)
 and 10-fine (0.6 mm holes) mesh bags. The coarse mesh admitted
 termites; the fine mesh did not. These were set in the field on 8
 August 1979 in 4 ? 5 grids of 5-m spacing in an alternating (checker-
 board) fashion, and left undisturbed until 16 January 1980 when they
 were collected, sealed in plastic bags and scored for evidence of termite
 attack. Scoring was based on the presence of termite gallery carton
 on the bag surface in contact with the soil.

 Plant material in each bag was separated from the carton and
 soil over a 24-mesh sieve. Each plant species was sorted into four
 groups: course mesh attacked by termites (CA), coarse mesh not at-
 tacked (CN), fine mesh attacked (FA), and not (FN). The plant materi-
 al by species in each group was combined, dried, weighed, and ground
 to 40 mesh. Differences in weight loss between CA and CN were
 taken as termite consumption of each plant type. Differences between
 FA and FN provided estimates of decomposition enhancement by
 gallery carton. Carton from CA bags and soil from CN bags were
 analyzed for nitrogen and compared to estimate the flow of nitrogen
 gallery carton to the rhizosphere. Elemental concentrations and weight
 before and after the experiment were determined to estimate flux of
 ?, P, and S in the different treatments. Weight loss percentages were
 arcsine transformed and compared with one-way ANOVA (Sokal and
 Rholf 1969). Elemental concentrations were compared for difference
 with factorial ANOVA and t-tests, and the relationship between weight
 loss and carton construction was fit by linear regression. Soil and
 carton nitrogen samples were analyzed using the modification of Stew-
 art etal. (1964). Samples for ? and S analysis were digested in a
 two-stage process adapted from Black (1965) and Nes (1979). Aliquots
 of the diluted digest were analyzed for phosphorus as phosphate in
 the Molybdivanadophosphoric acid absorbance method (Kitson and
 Mellon 1944). Sulfur was determined as sulfate by turbidity of the
 barium precipitate (Black 1965; Nes 1979).

 Laboratory measurements of acetylene reduction were used to esti-
 mate nitrogen fixation rates (Hardy etal. 1973). Live termites were
 field-collected and divided into groups of 30-50 in 20 ? 200 mm glass
 tubes sealed with rubber septa. The atmosphere in the tubes was re-
 placed with a gas mixture of 79% argon, 20.9% oxygen and 0.032%
 carbon dioxide to avoid competition between nitrogen and acetylene
 for the nitrogenase enzyme active sites. Acetylene and ethylene pro-
 duced were measured by a Varian 600 gas Chromatograph. Ethylene
 production was measured at 45 and 160 min after injection of acetylene.
 The relative amounts of each gas were converted to micromoles of
 ethylene produced by using the equations of McNabb and Geist (1979).
 Ethylene produced in the first hour was taken as the activity of the
 nitrogenase enzyme. Based on electron transport, the theoretical rela-
 tive ratio of ethylene produced : nitrogen fixed is 3:1 (Kleiner 1975),
 but a value of 4.1:1 was used, based on comparative assays with
 isotopically labeled N2 (Potts et al. 1978).

 Table 1. Termite populations, alate production and forager pr?dation;
 as biomass and nutrient inventories

 Category g ha"1 g N ha"1 g ? ha"1 g S ha"1

 Population4 2,000 140 6.5 12.5

 Alateb Production 727 63 3.0 2.0

 Foragerc Pr?dation 5,000 349 16.3 31.3

 Total losses 5,727 412 19.3 33.3

 8 (80 colonies ha"1) x (10,000 termites colony"1)
 x (0.0025 g termite"1)

 b (800,000 termites ha1) x (0.10 alates termite" *)
 x (0.0091 g alate"1)

 c (2,000,000 termites ha"l) x (0.0025 g termite1)

 Results

 Based on the numbers of colonies from the bait grids, 11 in
 1,600 m2 and 9 in 1,152 m2, we estimated an average of 80 colon-
 ies ha"l. The study area thus had an estimated 800,000 termites
 ?ha"1 which at 400 termites per gram dry weight yields
 2,000 g ha"1 (Table 1). Based on the number of termites found
 when the rolls were examined, the active forager estimate was
 48,000 ha-1, or 6% of the colony total. Alates were estimated
 at 0.13% of the population for G. perplexus in southern Arizona
 in a dry year (Nutting and Haverty 1976) and at 10% of colony
 population for the Amiterminitinae in general (Lee and Wood
 1971). We used 10% of 800,000, or 727 g ha"1 for the alate
 production since rainfall was near normal during the study peri-
 od (Table 1).

 Ants are generally regarded as the most significant predators
 of termite workers (Wood and Sands 1978; Steppe, 1970) al-
 though Pianka (1973) found that termites made up 15.9%, 16.5%
 and 41.3% of the volume of stomach contents of lizards in

 the Kalahari, North American and Australian deserts, respective-
 ly. Several Chihuahuan desert bird species rely heavily on ter-
 mites in their diets in breeding season (T. Marr, pers. comm.).
 Termites are reported to make up between 16% and 25.2%
 of the forage items of Novomessor cockerelli (Whitford 1978 b;
 Whitford et al. 1981) which occur at densities of 2 colonies ha"1
 on the study site. Although termites account for only 2% of
 the forage of Pognomyrmex spp., these ants are abundant and
 based on the data in Whitford (1978 a) we estimated they take
 1.4x 106 termites-ha_1-yr-1. Since quantitative estimates were
 not available for losses to lizards and birds, we assumed that
 these predators take fewer termites than harvester ants and used
 2 x 106 termites ? ha "1 ? yr " l or 5,000 g dry weight ? ha " l ? yr "1 as

 a conservative estimate of pr?dation losses (Table 1).
 Because our attempts to quantitatively sample alate produc-

 tion failed, we were forced to use literature values. Alate pr?da-
 tion has been reviewed by Nutting (1969) and has been character-
 ized as resulting in mortality of virtually all alates produced.
 Basalingappa (1970) found in Odonototermes assmuthi that
 99.5% of the alates did not survive to excavate the initial nest

 chamber, and that 88% of those that did were killed or died
 subsequently, yielding 99.94% mortality. Therefore, we assumed
 that the entire alate production was input to higher trophic
 levels (Table 1).

 Perennial shrub nutrient inventories were dominated by Y.
 elata (Table 2), which provided 43% of the N, 56% of the ?
 and 66% of the S ; L. tridentata which contributed 45% of the
 N, 36% of the ? and 22% of the S and E. trifurca which con-
 tained most of the remainder; 11.3%, 7.2% and 11.2% of the
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 Fig. 1. Estimated nitrogen fluxes through subterranean termites in
 a Chihuahuan desert ecosystem. Quantities in the boxes are standing
 crops, the yr numbers in boxes represent turnover times for nitrogen
 in that compartment and numbers with arrows are the grams of nitro-
 gen transferred in the direction of the arrow annually
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 Fig. 2. Estimated sulfur fluxes through subterranean termites in a
 Chihuahuan desert ecosystem. Method of presentation is the same
 as Fig. 1

 N, P, and S, respectively. The perennials accounted for most
 of the biotic ? and S and more than half of the biotic ? (Figs. 1,
 2, and 3).

 Perennial litter fall on the Jornada bajada was estimated
 at 200 kg?ha"1 (O'Brien, 1978). To estimate nutrient flux, the
 average percent composition of N, P, and S in the perennials
 was multiplied by that 200 kg ? ha "l. With the exception of phos-
 phorus, these percentages were consistent with values for woody
 and soft litter that was sampled (Table 3).

 Soft litter contained 828 of the 1288 g (68%) of phosphorus,
 and a much smaller proportion of the nitrogen and sulfur (39%
 each) (Table 3) Astragalus spp. litter contributed a similar portion
 of the biotic pools of nitrogen and sulfur (42% and 36%), but
 only 15% of the litter phosphorous. The other categories together
 comprised between 17% and 25% of the three nutrients in the
 litter component. The forbs and grasses represented about 0.4%
 of the total biotic pools of each of the three nutrients. As an
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 Fig. 3. Estimated phosphorus fluxes through subterranean termites
 in a Chihuahuan desert ecosystem. Method of presentation the same
 as Fig. 1

 Table 2. Density, standing crops and nutrient inventories in perennial
 shrubs

 Species and No. kgha"1 gNha"1 gPha"1 gSha"1
 category ha "l

 Yucca eleta

 live leaves

 dead leaves

 caudices

 Larrea tridentata

 leaves

 stems

 Ephedra trifurca
 " leaves"8

 stems

 Xan thocephalum
 sarothrae
 leaves

 stems

 Zinnia

 grandiflora

 44

 35

 158

 53

 67

 8.2

 410.8

 1,073.2

 48.4

 771.0

 168.2
 16.5

 4.3

 5.6

 4.5

 113

 3,286
 4,293

 576

 7,401

 1,905
 112

 77

 39

 60

 7

 489

 987

 36

 917

 177

 13

 18

 137

 3,338

 366

 1,210

 853
 27

 18

 13

 11

 Totalst 1 SD 2,5510,160 17,862 2,643 5,991
 ?426,730 ?3,800 ?610 ?1,280

 8 Green photosynthetic stems

 example, 90 g of the 23,580 g of biotic nitrogen was in annual
 forbs and grasses. Considered as an input to the litter component,
 this represents between 3.9% and 5.4% of the annual flux of
 these nutrients to the litter.

 We used the estimates of atmospheric contributions of nitro-
 gen to desert biogeochemical cycles in West and Skujins (1978).

 The ratio of annual flux of material or energy through a
 component divided by the storage in that component is the
 44turnover time'* (Reiners 1972), also called "transit time" (Er-
 iksson 1971). Values for energy turnover range from 104 days
 in temperate forests to 10" 2 days in oceanic plankton (Pomeroy
 1970). The rates of nutrient fluxes through the components in
 this desert ecosystem were calculated either as flux in or out
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 Table 3. Standing crops and nutrient inventories in litter categories,
 sampled from 20 1 m2 quadrats

 Category g ha"1 gNha_la gPha"la gSha~la

 Astragalus sp. 94.2 2,351 171 404

 Cryptantha sp. 12.9 80 26 17
 Woody 37.7 422 57 82
 Soft 232.2 2,148 878 444

 Yucca elata 35.4 141 33 110

 Fecal pellets 26.6 407 123 79

 Totals 438.5 5,550 1,288 1,135
 ?SD ?48.2 ?740 ?210 ?200

 a Weights multiplied by elemental contents

 divided by storage in that component (Figs. 1, 2, and 3). For
 example, the nitrogen flux out of the perennial shrub component
 is 1,900 g-ha-1? yr-1; the perennial shrub nitrogen pool is
 17,800 g ha-1 and the ratio is the turnover time: 17,800:1,900 =
 9.4 years. Flux out of perennials into termites is small and was
 not included in the calculation of turnover time (Figs. 1-3). Simi-
 lar calculations for phosphorus and sulfur yielded perennial
 shrub turnover times of 12.6 and 13.0 years, respectively. The
 turnover time of nitrogen in termites is derived from the pool
 in termites (140 g-ha-1) divided by the flow out of termites
 (510 g-ha_1-yr_1), equals 0.27 years. The litter turnover was
 considerably slower, e.g. 2.5 years for ? and S and 5.6 years
 for P. Termites turn over their N, P, and S 3.5 to 4 times
 per year (Figs. 1, 2, and 3). The dynamics of termite nutrient
 loss is seasonal : by alate flights and foraging activity. The timing
 of these nutrient flux pulses corresponds with the rapid growth
 of fluff grass, Erioneuron pulchellum which also responds to soil
 ? amendment (Ettershank et al. 1978).
 To balance their other fluxes, the termites had to harvest

 from 0.3% to 1.8% of the elements from the perennial and
 litter components annually. Nitrogen fixation rates were esti-
 mated at 7,700 ? moles per g termite for the 8 month activity
 period or 1,800 mg per termite. The energy expensive nature
 of nitrogen fixation (Kleiner 1975) makes it doubtful that this
 process would continue during the winter. There were an esti-
 mated 2,000 g. of termites per hectare, which yielded 100 g of
 nitrogen fixed per hectare per year. A similar experiment per-
 formed in November 1978 yielded an average of 0.19 micromoles
 ? per gram of termites per hour, or 32 g of ? per hectare
 per year. Since we do not know what factors control the nitrogen
 fixation in the hindguts of termites, we used the average of
 these rates, or 66 grams nitrogen fixed per hectare per year.
 There was significantly greater weight loss from the termite

 attached bags than those not attached (F 1,8 values range from
 9.85 to 63,/> = 0.05) except in Astragalus spp. (Fig. 4). The plants
 in unattacked bags had elemental concentrations significantly
 different (t between 3.0 and 12.0, n = 3, p^O.05) from the initial
 values for that plant in the following species and elements : Astra-
 galus spp., N, P; Aristida purpurea, ?; Crypthantha spp. ?, P;
 Eriogonum rotundifolium, N, S ; Erioneuron pulchellum, ? ; Lepi-
 dium lasiocarpum, N. P, S; Eriastrum diffusum, ?, ? and S.
 The termite attacked bags had significantly different elemental
 concentrations (between 2.9 and 9.3, n = 3, p^0.05) from the
 initial values in: A.purpurea, S; Cryptantha spp. N, S; Eriogonum
 rotundifolium, N, S; Erioneuron pulchellum, ?, P; and all ele-
 ments in L. lasiocarpum and Eriastrum diffusum. Those values

 PERCENT

 Gain Loss

 PERCENT

 Gain Loss

 60 40 20 ? 20 40 60 80 100

 Cryptantha spp.

 Fig. 4. Percent weight losses and gains of elements expressed as percent
 of original amount from coarse mesh bags (which allowed termite
 entry) and fine mesh bags (which excluded termites). The dark bars
 refer to bags attacked by termites, the light bars are for bags not
 attacked by termites and the cross-hatched bars indicate no significant
 difference between termite attacked bags and bags not attacked by
 termites. Although fine mesh bags excluded termites, the termites built
 gallery carton on bags scored as attacked

 were multiplied by the plant weights before and after field expo-
 sure to yield a nutrient flux into or out of each plant type
 under each treatment (Fig. 4).
 With a few exceptions, the nutrient losses paralleled weight

 losses (Fig. 4). In L. lasiocarpum in both treatments phosphorus
 increased by 116% while weight declined by 25.4% (unattacked)
 and 48.2% (attacked). This may be due to translocation of phos-
 phorus into the litter by fungal mycelia, as has been noted in
 decomposing lodgepole pine needles by Fahey (1979). Phospho-
 rous increased in all E. diffusum and Erioneuron pulchellum treat-
 ments (Fig. 4). Assuming that the differences in nutrient fluxes
 between the coarse mesh attacked and unattacked was due to

 termites, we estimated that 13.9% of the nitrogen, 19.3% of
 the phosphorus, and 14.2% of the sulfur in the annual species
 are removed by termites or 12.2g-ha-1, 7.1 g-ha-1, and
 3.8 g-ha-1 of ?, ? and S, respectively, are removed each year
 by termites. Losses from unattacked bags yielded losses of
 25.2 g-ha-1, 1.5 g-ha"1 and 10.0 g-ha-1 of ?, ? and S per
 year by fungal and microbial action, and leaching.

 The differences in weight loss between attacked and unat-
 tacked fine mesh bags were not statistically significant, except
 for Erioneuron pulchellum (df 1,8 t = 7.14, ? ^0.05). Differences
 in mineral content between attacked and unattacked bag treat-
 ments were statistically significant (t between 2.2 and 8.5, n = 3,
 /?= 0.05) for Crypthanta spp. N, P; Aristida purpurea P, S;
 Eriastrum diffusum ?; Eriogonum rotundifolium N, S; and Erion-
 euron pulchellum N, P. The only element measured which in-
 creased was phosphorus in Cryptantha spp., L. lasiocarpum, E.
 diffusum and E. pulchellum. The unattacked treatment of E. pul-
 chellum had a nitrogen gain (t = 2.2, p^O.05). More sulfur was
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 Table 4. Standing crops and nutrient inventories in annual forbs and
 grasses

 Species g ha1 g ? ha"1 g ? ha"1 g S ha !

 Eriogonum *
 rotundifolium 2,344 19.0 5.5 3.9

 Baileya
 multiradiata 1,869 22.6 2.6 2.9

 Erioneurona

 pulchellum 1,226 9.9 2.9 2.0

 Cryptantha*
 spp. 936 9.1 1.6 1.6

 Eriogonum
 albertianum 720 11.6 0.5 2.0

 Dithyrea
 wislizenii 543 7.3 0.5 4.3

 Ar ist ida*

 purpurea 307 1.6 1.8 0.4

 Astragolus*
 spp. 205 5.4 0.3 0.8

 Eriastruma

 diffusum 134 0.8 0.3 1.8

 Lepidiuma
 lasiocarpum 29 0.2 0.1 0.1

 Solanum*

 eleagnafolium 24 -

 Unknownb 57 -

 Totals ?1 SD 8,394 87.5 16.1 26.8
 ?670 ?8.7 ?2.5 ?3.2

 a Plants selected for consumption experiment
 b Elemental analyses not perfomed

 lost from the unattacked than the attacked bags containing A.
 purpurea, E. diffusum and E. rotundifolium, the last of which
 had a similar decrease in N. The phosphorus content of A.
 purpurea was reduced significantly (t = 3.9, /> = 0.05) in the unat-
 tacked bags. The same pattern of increases and decreases of
 nutrients in L. lasiocarpum was seen in both treatments of both
 experiments, suggesting nutrient flows in this species are little
 affected by termites. The weight loss was greater in the termite-
 attacked coarse bags, but there were no differences between
 treatments in the fine mesh bag experiment (Fig. 4).
 Carton collected within CA bags was dried and weighed

 individually. These weights (? = 30) were correlated positively
 with the weight of plant material removed. This correlation was
 best fit (r=0.72) by the line:

 Y = 2.4X + 6.21

 where X = g plant material removed and Y = g carton deposited.

 This correlation is not strong enough to predict soil movement
 from known consumption, or conversely to predict consumption
 from carton deposition measurements. However, it emphasizes
 the great amount of soil moved to the surface by termites.

 Discussion

 The nutrient budgets developed in this study provide one assess-
 ment of the importance of termites in this Chihuahuan desert
 ecosystem. Most of the estimates are conservative because we

 were unable to measure all of the materials harvested by termites,
 have no measure of pr?dation on termite workers by vertebrates,
 and were unable to obtain direct measurements of alate produc-
 tion. However, our estimates do provide some useful insight
 into the relative importance of subterranean termites in desert
 nutrient cycles and which fluxes are most important as potential
 rate regulators. Subterranean termites translocate large quanti-
 ties of dead plant material into deep colony galleries. Nutrients
 in such material is thus not available to shallow rooted plants.
 Further, since termites use trophylactic feeding and dispose of
 old or damaged individuals by cannibalism (Wilson 1971) nu-
 trients incorporated into termite tissue would tend to remain
 unavailable to plants. The nutrient budgets we developed demon-
 strates the importance of higher trophic levels in releasing nu-
 trients from the subterranean termite nutrient sink. Nutrient

 flows by pr?dation on workers and alates by ants, lizards and
 birds are the major returns to the surface soil and provide for
 rapid "turnover".

 Subterranean termites, Gnathamitermes tubiformans, also
 construct gallery carton on plant material which is consumed
 and also on plant material not or incompletely consumed. Carton
 is a mixture of fine soil particles mixed with saliva and feces
 and is nitrogen enriched as we have shown in this study. This
 represents another significant pathway for nitrogen return to
 the soil. We have documented that G. tubiformans fixes atmo-
 spheric nitrogen and that a part of that nitrogen is probably
 made available to plants via the gallery carton. However, the
 data on ? fixation raises a number of questions about the inter-
 pretation of the numbers obtained. Experiments by Breznak et al.
 (1973) with Coptotermes formosanus yielded 32 nanomoles ethyl-
 ene per dry gram per hour. Beneman (1973) obtained 400 nano-
 moles ethylene per dry gram in 2.5 h with Kalotermes minor.
 Our estimate for G. tubiformans, while performed under similar
 experimental conditions, is substantially greater. Several factors
 may influence these results: (1) We use lower acetylene concen-
 trations than either of the above-mentioned experiments. The
 effects of high acetylene concentrations on the termites and sym-
 biotic bacteria are not known. (2) The other termite species
 examined were from mesic environments. Nitrogen content of
 their food is almost certainly higher, and Breznak (1973) showed
 reduction of nitrogenase activity in termites by supplementing
 the diet with ammonium salts. This would suggest less ? fixation
 by termites on a higher ? diet. (3) Environmental effects on
 termites themselves have not been examined. N-fixation experi-
 ments were done with a compressed gas mixture at 0% relative
 humidity. In one of our experiments where the same gas mixture
 was saturated (100% r.h.), acetylene reduction was not detect-
 able. Experimental conditions reported by other workers did
 not include humidities.

 "Turnover times*' have been applied to ecosystem studies
 to assess the rate at which energy or material flows through
 ecosystem components (Reiners 1972). Although flux of nutrients
 through termites is relatively small, turnover times are extremely
 rapid. Since some of these nutrient releases are episodic, like
 that from alate flights, the maximum flux rate out of termite
 colonies are underestimated by mean annual values. Is there
 a regulatory value of relatively small flows of nutrients through
 ecosystems? Pomeroy (1970) pointed out that the important nu-
 trients may not be present in a Liebig-limited sense, but only
 in the rate at which they are recycled. Stark (1972) recognized
 that although the input of pollen was quantitatively small (1-
 3 kg/hg? yr"l), the timing of this input accelerated decomposition
 of fallen pine needles from which most of the mineral nutrients
 had already been leached. The small portion of the total phos-
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 phorus pool released by microorganisms from decomposing litter
 in the tundra was suggested by Chapin etal. (1978, p. 109) to
 be the "bottleneck in the phosphorus cycle." Rehder and Sch?fer
 (1978) suggested root exudates could stimulate nitrogen mineral-
 ization in alpine ecosystems, and thus potentially hasten nutrient
 fluxes through the rhizosphere. We view termites in the Chihua-
 huan desert in this context i.e. regulating the rates of recycling
 of nutrients, especially nitrogen and phosphorus. Our study sug-
 gests that the timing of the release of nutrients from termites
 may be as critical a feature as the forms in which the nutrients
 become available. Alate flights are initiated by the first summer
 convectional storms. These and later intense storms erode the

 nitrogen-enriched carton to the soil surface. Foraging by both
 termites and predators (Whitford and Ettershank 1975, Whitford
 1978 b, Johnson and Whitford 1975) tends to maximize pr?dation
 at these times. If decomposition in deserts is "pulsed" by rainfall
 as Noy-Meir (1974) and others suggest, pulsed release of nu-
 trients from termite colonies will influence these processes. If
 available nutrients in the surficial soil layers become limited
 during sporadic moist periods in the desert, then the coincident
 input of nutrients from termites would play an important role
 in desert nutrient dynamics.

 Direct effects of termites on plant decomposition include
 a 14-20% removal of N, P, and S from annual forbs and grasses,
 and an inferred 1-6% removal of these nutrients from the peren-
 nials and litter. With the possible exception of seed consumers,
 we know of no desert consumer with such wide access to plant
 and litter nutrient pools. It appears that further utilization of
 these pools by termites is limited by their ability to establish
 colonies in the face of pr?dation. The resultant patchy use of
 the environment, and the tendency for nutrients released from
 termites to be spatially concentrated by consumers, may have
 unrecognized effects on the structure of desert plant communi-
 ties.

 Indirect effects of termites on plant decomposition include
 one case of nutrient accumulation as a result of carton construc-

 tion, and several of reduced losses of nutrients, perhaps by reduc-
 ing leaching. Carton is washed from plant structures by rainfall
 during the summer convective storms or broken up by wind.
 If leaching loses are high at such times, then the carton may
 influence the transfer of nutrients to the rhizosphere beyond
 its own content.

 Experiments involving termite removal with insecticides pro-
 duced dramatic increases in forb and grass biomass and litter
 (Bodine and Ueckert 1975), and changes in diversity and domi-
 nance of annuals (Whitford et al. unpublished data). Insecticide
 effects of removing seed-harvesting ants and the rapid release
 of nutrients from dead insect biomass resulting from insecticides
 in these experiments need critical appraisal. Eventually, though,
 a steady state between plant uptake and microbioal/fungal de-
 composition and leaching would obtain, and the distribution
 of nutrients in the soil column in the absence of termite nutrient

 dynamics could be examined. If annual plants depend partially
 on the episodic release of nutrients in termite carton and biomass,
 annual plant densities would be expected to decline after the
 initial increase, as nutrients released by decomposition are incor-
 porated into perennial plant tissue, and become less available
 at the soil surface. An aspect of alate flights that has been
 noted (Ghilarov 1962) is the accumulation of alate wings on
 the soil surface. If alate wings are readily decomposible, they
 may act in a manner ecologically similar to Starkes (1972) pollen
 rain, and stimulate litter decomposition.

 In spite of these termites' preference for dead plants and
 litter, they have been characterized as competing with rangeland

 herbivores (Bodine and Ueckert 1975; Spears etal. 1975), and
 insecticide control measures suggested. We have shown that the
 role of termites in desert ecosystems is very different from cattle.
 It remains doubtful that the long-term effect of such insecticides
 will enhace either stability or productivity of desert ecosystems.
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