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ABSTRACT

Raised-field agricultural systems were exploited extensively by pre-Columbian Andean civilizations and now are used
less extensively by contemporary Bolivian and Peruvian farmers as a method for farming the perennially wet soils of
the intermontane pampas of the Andean high altiplano. The raised-field agricultural systems are linear or semi-linear
raised planting platforms interspersed with shallow, parallel canals filled with water. The elevated planting platforms
raise the critical rooting zone of crops such as potatoes, quinoa, or barley above perennially saturated soils. A hy-
pothesized advantage of the raised-field system is that agricultural production can be increased by exploiting the ability
of bacteria and Azolla fililculoides to fix nitrogen in the canals adjacent to the planting platforms.

To test this hypothesis, nitrogen fixation was estimated 7z situ in the water column of canals, in the soils of
planting platforms, in the soils of a dry hillside field, and in the sediments and water column of marshes and totora
beds. Nitrogen fixation was significantly greater in the canals of the raised-field systems and in marshes compared to
planting platforms and the hillside field. These data support the theory that pre-Hispanic agricultural prosperity of
the Andes, as well as other regions of Central and South America, was partially supported by extensive development

of raised-field agriculture and probable exploitation of nitrogen fixation.
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Tue stupy oF PRE-COLUMBIAN ANDEAN CIVILIZA-
TioNs offers exceptional insights into human—en-
vironment interactions because minor climatic fluc-
tuations render agriculture either possible or un-
tenable, even to the degree that allows civilizations
to rise or collapse (Kolata & Ortloff 1996, Binford
et al. 1997). The emergence, persistence, and sub-
sequent collapse of the Tiwanaku civilization (300
B.C.—A.D. 1100) in the Andean altiplano illustrates
remarkable biological and cultural adaptability
within a seemingly harsh climatic environment
(Kolata 1991, Binford & Kolata 1996).

The ecosystems of the Tiwanaku and Catari
River drainage basins near Lake Titicaca constitut-
ed the core area of the Tiwanaku civilization (Fig
1). These basins lie at high altitude in the inter-
montane altiplano (3800-4200 m elev.). The rel-
atively flat basin floors or pampas, are perennially
marshy and subject to seasonal inundation and oc-
casional periodic drought. Archaeological evidence

! Received 18 April 1997; revision accepted 8 December
1997.
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and ecological studies indicate that pre-Hispanic
agricultural prosperity of this region, as well as oth-
er regions of Central and South America, was sup-
ported by development of a highly productive and
sustainable form of wetlands cultivation: the raised-
field agricultural system (Denevan 1970, Darch
1983, Erickson 1988, Carney et 4l 1996, Kolata
& Ortloff 1996).

The Tiwanaku core area contains cz 190 km?
of abandoned raised fields. The raised fields of the
Tiwanaku were elevated earthen platforms from 3—
10 m wide and up to 200 m long (Kolata 1989,
1991). Seasonally or permanently flooded canals al-
ternated with planting platforms. Approximately
30-60 percent of field areas were planting surfaces.
Water in canals was supplied by springs, rivers, or
percolating groundwater, depending upon field lo-
cation. In our study area of the Rio Catari and Rio
Tiwanaku basins, the raised-field systems and as-
sociated canals, dikes and aqueducts constructed by
the Tiwanaku remain visible across the landscape
of the pampas (Fig. 2).

From archaeological evidence and the results of
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FIGURE 1. The location of the study sites at Lakaya, Chocara, and Achuta Grande in the Catari and Tiwanaku
River basins of Bolivia.

experimental raised-field rehabilitation, Binford raised-field construction reached its peak. This es-
and Kolata (1996) extrapolate a population in the timate is lower than all but the most conservative
core area of 285,000-570,000 people during the estimates of carrying capacity in this environment
Tiwanaku V period from 1200-1000 B.r. when during antiquity. About 40,000 people now inhabit
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FIGURE 2. Photograph of rehabilitated raised fields at Chocara. Abandoned raised fields are visible to the north
and in the distance. Water for the canals of the rehabilitated raised fields emanates from springs at the base of the

Serranias Lakayas.




the area, preferentially dry-farming the nutrient-
poor, highly erodable soils of steep hillslopes rather
than the wet soils of the pampas.

Binford ez al. (1996) and Carney et al. (1993,
1996) hypothesize that diazotrophic organisms liv-
ing in canals may be an important biological path-
way for the introduction of nitrogen into a nitro-
gen-deficient ecosystem. Soils in the region are very
nitrogen poor (Wurtsbaugh ez 2/ 1985, Argollo ez
al. 1996, Binford ez al. 1996). The enhanced pro-
ductivity of raised fields, however, is maintained by
the incorporation of nutrient-rich sediments and
aquatic plants from canals into the soils of planting
platforms (Gomez-Pompa 1978; Gomez-Pompa et
al. 1982; Erickson 1985; Kolata 1986; Carney ez
al. 1993, 1996). Diazotrophic species including
free-living cyanobacteria, free-living heterotrophic
bacteria, and Anaebaena azollae, the cyanobacteri-
um associated with the floating water fern Azolla,
occur in the slack-water canals of raised fields. In
this study, we examined the potential for nitrogen
fixation in the canals of the raised fields, regional
wetlands, and traditional fields.

METHODS

THE sTuDY AREA.—Three rehabilitated raised fields
in the high altiplano near the villages of Hacienda
Lakaya and Hacienda Chocara in the Rio Catari
basin, and Achuta Grande, northwest of Tiwanku
in the Rio Tiwanaku basin, were chosen as prin-
cipal study sites (Fig. 1). The sites at Lakaya and
Chocara were located ca 12 km southeast of the
Lake Titicaca shoreline. They are within 300 m of
the northern edges of the two villages with the
same names(on the margin of the Pampa de Co-
hani Pata). The villages lie along the margins on
the slopes of a range of small hills, the Serranias
Lakaya Pata. The Achuta Grande site was cz 11 km
east of Lake Titicaca and 4 km west-northwest of
the village of Tiwanaku near the center of the Iitiri
Pampa. The pampas proximate to these villages are
perennially marshy this is attributable to perma-
nent subterranean groundwater seepage from un-
derlying aquifers and permanent surface flow from
springs that emerge onto the land surface from the
base of the hills of the Serranias Lakaya, or from
nearby rivers such as the Rio Tiwanaku at Achuta
Grande (Ortloff & Kolata 1996). The merging of
these low-gradient aquifers and the surface of the
pampas creates pools of standing water and marsh-
es on the landscape.

The three rehabilitated raised fields are de-
scribed as the Lakaya site (3812 m elev.; UTM
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Zone 19 coordinates: 8182386 N, 537262 E), the
Chocara site (3812 m elev.; UTM coordinates:
8181705 N, 539023 E), and the Achuta Grande
site (3816 m elev.; UTM coordinates: 8168900 N,
534570 E). The rehabilitated fields are small-scale
reconstructions of the extensive raised-field systems
built by the Tiwanaku (see Kolata ez 2. 1996 for
a detailed summary of rehabilitated raised fields in
this area). The raised field at Achuta Grande was
at the southeastern end of a ¢z 10-ha complex of
fields being currently maintained and studied by
faculty and students at the Unidad Academica
Campesina of the Bolivian Catholic University.
Data including in situ assays of nitrogen fixation
via acetylene reduction, soil characteristics, soil and
water temperature, and identification of species
present at the study sites were gathered from: (a)
canals, (b) planting platforms, (c) marshy areas fed
by springs or percolating groundwater within 20 m
of the raised fields, and (d) a steep, dry hillside field
above the Chocara site that is typical of fields cur-
rently used for cropping in preference to raised
fields (3840 m elev.; UTM coordinates: 8181574
N, 538954 E). This latter site will be referred to
as the dry hillside field. Similar measurements were
made in a large shoreline bed of the regionally im-
portant totora plants (Raynal-Roques 1992) locat-
ed at the eastern edge of Lake Titicaca on the west-
ern edge of Pampa de Cohani Pata (3811 m elev;
UTM coordinates: 8187820 N, 533232 E). This
site will be referred to as the totora bed, and could
only be sampled once during the dry period. Data
were gathered from all locations during the austral
winter between 30 August and 2 September 1995
and in the summer 10-16 February 1996 (with the
exceptions noted below).

At the Lakaya site, the rehabilitated raised-field
system consisted of eight planting platforms and
nine canals bordered by two end canals laid out in
a rectanglar manner. It was representative of other
raised fields in the area. A channelized stream em-
anating from a spring near the margin of the pam-
pas supplied water to the raised-field system. Mean
water depth in canals was 25 £ 4 cm (V = 10).
Although we gathered data from this raised-field in
the winter of 1995, we were excluded from from
this site in the summer of 1996 because of insur-
mountable, local political difficulties. The beds
were fallow and not in production during the pre-
vious growing season but previously had been
cropped.

The rehabilitated raised-field at the Chocara
site was similar but composed of six canals and five
planting platforms oriented in the same compass
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directions as the raised fields at Lakaya. The overall
dimensions of the raised-field were ¢z 61-m long
and 34-m wide, including the end canals. The
mean width of the canals was 2.1 m (/N = 10) and
the mean width of the planting platforms was 4.5
m (IV = 10). The raised fields were fallow in 1995
and 1996. The system was not connected to its
nearby water supply because the system was not in
production, however, the two canals on the outside
of the system were partially flooded during both
study periods. Mean water depth was 28 * 5 cm
(N = 6). The three center canals and end canals
were dry. A spring and marshy areas immediately
south and west of the site were the source of water
for the raised-field system. Data were obtained
from this site in both the winter of 1995 and the
summer of 1996.

The Achuta Grande site, at the eastern end of
a large complex of raised fields, was partially ex-
cavated from a river and spring-fed marshy swale
that served as a source of water for the raised fields
in this area. The study site included a short end
canal with three canals abutting it at right angles.
Canal dimensions were similar to the Lakaya and
Chocara sites. The end canal was 25-m long, canals
were 2.2-m wide (N = 12), and water depth was
35 = 6 cm (IV = 12). The system was oriented in
an east-west direction. In contrast to the raised
fields at Lakaya and Chocara, this complex of beds
was in full production and planted with potatoes.
This raised field and surrounding area was sampled
in the summer of 1996.

FieLb measuremENTs.—Nitrogen fixation associated
with plants and soils/sediments were estimated si-
multaneously by the acetylene-reduction (AR). In
situ open-ended system assays were performed as
described by Eckardt and Biesboer (1988a) in both
canals and dry fields. Thick-walled polyvinyl chlo-
ride water pipes (10-cm internal diameter [i.d.] X
60 cm) with gas-tight caps and removable rubber
septa were sharpened at their ends and placed into
the sediments of canals or placed into the dry soils
of planting platforms and dry fields by excavating
to a minimum depth of 20 cm.

Cylinders were placed easily into the saturated
organic sediments of canals, marshes, and totora
bed. In the canals and marshy areas, cylinders were
placed over floating, emergent, or submerged veg-
etation. It was impossible to drive cylinders into
the dry soils of planting platforms or into the ex-
tremely dry, rocky soils of upland fields. In these
cases, soils were excavated to a minimum depth of
20 cm to accommodate a sampling cylinder. The

bottom of the excavation was saturated with fresh-
water and a plastic sheet placed over the end of the
cylinder to provide a gas-tight seal. Excavated soil
was placed into the cylinder.

Closed vessel assays were performed when it
was obvious that large, partially submerged or
floating algal colonies and floating Azolla plants
were present in the canals and contributing to ni-
trogen fixation in the water column. For these
closed system assays, algal colonies or floating Azo/-
la plants were harvested from the flooded canals by
carefully submerging shallow, clear plastic 1.5-liter,
gas-tight assay containers (fitted with rubber septa
underneath the colonies or populations) to capture
a portion of the colony representative of the surface
area occupied by these organisms. Lemna plants
(estimated at ca 5% total surface area) were usually
mixed with the Azolla. A control container was
filled only with canal water. Estimates of nitrogen
fixation in the light were made 7 situ by floating
the containers at the shaded edge of a canal where
they would not be heated by solar radiation during
incubation.

At the totora site, cylinders were placed over
totora plants near Lake Titicaca in an area where
the lake had recently receded, leaving the totora
exposed (“totora seco” or dry totora). These plants
varied from ¢z 2-3 m in height and were truncated
at 10 cm from the sediment surface prior to placing
an open-ended sampling cylinder over them. The
totora formed a monospecific stand in this area al-
though a small number of individuals of the sub-
merged aquatic species, Myriophyllum quitense and
Elodea potamogeton, were associated with the totora
in the flooded areas of the sampling site.

Cylinders or assay vessels were carefully set at
the various sites as described in Table 1. A total of
87 open-ended and closed vessel assays, including
controls, were performed during the course of this
research.

Various plants were present at the study sites
as indicated under “field notes” in Table 1. Algal
taxa are only identified as algal mats or free-living
unicellular forms, and by microscopic inspection
were found to be predominantly green algae and
cyanobacteria (principally Anabaena, Nostoc, and
Oscillatoria spp.). Representative higher plants were
collected, pressed, and identified at the Herbario
Nacional de Bolivia in La Paz, Bolivia. These taxa
(referred to only by generic names in the tables and
text of this paper) included: Azolla filiculoides Lam.;
Elodea potamogeton (Bert.) Espin; Festuca ortho-
phylla Pilger; Hydrocotyle ranunculoides L.£.; Lemna
gibba L.; Myriophyllum quitense H.B.K.; Potama-



geton strictus Ruiz & Pavon; Schoenoplectus tatora
(Kunth) Palla; and an unidentified Chara sp. and
Juncus sp.

Headspaces of sampling cylinders were adjusted
to a volume of 1 liter (10 ml; range = 0.89-1.13
liters) by careful positioning of each cylinder. Ten
percent of the gaseous phase of the headspace was
replaced with acetylene generated in the field from
calcium carbide. Twelve ml gas samples were col-
lected at 0, 6, 12, and 24 h and stored in 15-ml
Vacutainers® (silicon coated; 15 ml) for subse-
quent chromatographic analysis in the laboratory
of one author (DDB). The ends of Vacutainers®
were wrapped in teflon tape and kept cool in styr-
ofoam containers until analysis. Control cylinders
were not injected with acetylene and were placed
over similar soils or plants as checks for endogenous
ethylene production.

Water and soil temperature (at 10 cm below
the surface) were recorded at each sampling site
using a mercury field thermometer. Soils were col-
lected using a handheld soil recovery probe (1.8-
cm diam.) inserted to a depth of 20 cm. Three
cores were taken at each site within 1 m of each
sampling cylinder. These samples were thoroughly
homogenized in the field and a 100-g subsample
collected for analysis. Particle size analysis was done
using a Lamotte Soil Texture Unit (Forestry Sup-
pliers, Inc., Jackson, Mississippi). Concentrations
of nitrate and ammonium in canal water and soil
pore water were determined in the field using the
cadmium reduction method for nitrate and the
Nessler reagent method for ammonium. Water pH
was determined using a field pH meter. Sediment
and soil pH was determined using the standard
soil:distilled water (v:v) mixture. Samples were an-
alyzed for other parameters in the laboratory.

LABORATORY ANALYsEs.—Gas samples for acetylene
reduction assays were analyzed using a Hewlett-
Packard 5840 A gas chromatograph fitted with a
flame ionization detector and a 100/120-mesh Po-
rapak R column (2 mm id. X 1.0-m stainless
steel). Nitrogen was used as the carrier gas at 40
ml/min. Analyses were performed isothermally at
60°C. Ten Vacutainers®™ were injected with a
known mixture of acetylene and ethylene (80/20%,
respectively) prior to leaving the United States for
Bolivia. Analysis of these standard mixtures after
returning to the United States indicated that leak-
age of Vacutainers® was less than 1 percent during
transport. Calculations were performed according
to Turner and Gibson (1980). Detection limits for
ethylene were 500 nmol.
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A Carlo Erba C/N/S analyzer was used to de-
termine the percentage of carbon and nitrogen in
soils.

RESULTS

Daily water and soil temperatures varied widely
during the winter sampling at Lakaya and Chocara.
Soil temperatures ranged from 6°C in the early
morning to 30°C at 10 cm below the soil surfaces
of planting platforms or hillside fields in the late
afternoon as sunlight warmed the soil surface. Wa-
ter temperatures ranged from 0°C in the morning
to 15°C in the afternoon in protected areas of ca-
nals exposed to direct sunlight. A 1 to 2-cm layer
of ice formed around sampling cylinders and the
vessels floated overnight in canals for the in situ
assays.

In comparison, water and soil temperatures
were higher but less variable during the summer
growing season at Chocara and Achuta Grande. At
both sites, canal and marsh water temperatures
ranged from 20°C in the early morning to 27°C in
late afternoon. Soil temperatures at 10 cm below
the surface varied from 21°C in the early morning
to 24°C in the late afternoon. Soils of the planting
platforms and the traditional hillside fields were of-
ten cooled by light rains that fell nearly daily. An-
nual mean air temperatures are 9°C with a daily
variation of ¢z 12°C (Boulange & Aquize Jaen
1981).

Sediments of marshes, canals, and totora beds
were composed of finally sedimented, highly re-
duced, gray marly alluvial clays to a depth of 60
cm, often overlaid by several centimeters of floc-
culent organic material and plant detritus. Table 2
summarizes some important soil parameters for
platform soils, canal sediments, marsh sediments
adjacent to raised fields, hillside soil, and sediments
of the totora bed. Soil and sediment pH ranged
between 7.2 and 7.8. Percent carbon of soils was
(in decreasing order): marshes > canals > planting
platforms > totora bed > hillside. Percent nitrogen
of soils was observed to be in decreasing order:
canals >marshes> totora bed>planting plat-
forms>hillside. Soils of the planting platforms, ex-
cavated from the adjacent canals, were often en-
crusted with a layer of visible salts left after evap-
oration of surface moisture. Particle size distribu-
tion was roughly similar for platform soils
(excavated from canals), canal sediments, marsh
sediments, and the totora bed. All were high in clay
and silt. In contrast, the brown, oxidized soil of the
hillside was composed of 50 percent rocks and
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TABLE 1.

Field sites, type and number of assays performed in the field, location of assays, and field notes concerning flora
present at the site of each assay.

Site

Type/no. of
assays—assay
designation

Assay location

Field notes

Lakaya

Chocara

Cylinder/3-a

Cylinder/3-b

Cylinder/3-c
Cylinder/2

Cylinder/3-d

Cylinder/1
Closed assay/3-e

Closed assay/1
Cylinder/6-a

Cylinder/2
Cylinder/6-b

Cylinder/2
Cylinder/6-c

Closed assay/3-d
Closed assay/1
Cylinder/6-¢

Cylinder/2

Flooded canal

Flooded canal

Flooded canal
Flooded canal

Planting platform

Planting platform
In situ in canal

In situ in canal

Flooded canal

Flooded canal

Marsh upstream of

the raised fields

Marsh upstream of

the raised fields
Planting platform

In situ in canal
In situ in canal

Dry, hillside field

Dry, hillside field

100 percent of water surface covered
with Azolla; plants crowded to several
layers thick; filamentous algae mats or
plant roots not present in water or
sediments.

50 to 100 percent of water surface cov-
ered with Azolla as a single layer;
some filamentous algae present in wa-
ter column.

<10 percent of water surface covered
with Azolla; some filamentous algae
present in water column.

Controls; Azolla or filamentous algae not
present.

Cylinders located 6 m apart at center of
platform; surface of the soil bare with
slight saline crust; crop residue pres-
ent.

Control.

Closed assay vessel (1.5 liter) containing
Azolla and Lemna; plants very crowd-
ed into several layers at water surface.

Control.

Dense algal mat in water column; sedi-
ments support dense population of
Chara; Juncus roots in sediments; (3
sample cylinders in winter 1995 and
3 in summer 1996).

Control.

Filamentous and unicellular algae in wa-
ter column; 50-75 percent of water
surface covered with Azollz; roots of
Juncus and Hydrocotyle present in sedi-
ments; (3 sample cylinders in winter
1995 and 3 in summer 1996).

Control.

Cylinders located 2 m apart at center of
platform; surface of the soil bare with
slight saline crust; (3 sample cylinders
in winter 1995 and 3 in summer
1996).

Closed assay vessel (1.5 liter) containing
Azolla.

Closed assay vessel (1.5 liter) containing
Azolla.

Steep hillside above Chokara; two assays
in fallow field in soil containing some
crop residue; one assay at field edge 3
m away; two assays 10 m away from
field in uncultivated area adjacent to
Festuca plants; (3 sample cylinders in
winter 1995; and 3 in summer 1996).

Control set in field.
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TABLE 1. Continued.
Type/no. of
assays—assay
Site designation Assay location Field notes

Achuta Grande?

Totora bed

Cylinder/9-a

Cylinder/3-b

Cylinder/3
Cylinder/3-c

Cylinder/1
Closed assay/3-d

Closed assay/1
Cylinder/9-a

Cylinder/2

Flooded canals

Flooded canals

Flooded canal
Planting platform

Planting platform
In situ in canal

In situ in canal
Totora bed

Totora bed

Three assays in canals where filamentous
algal mats were present; five assays at
edge of canal with Hydrocotyle roots in
cylinders, blue-green bacteria mat near
root surfaces; one assay in adjacent
marsh dominated by Hydrocotyle; Azol-
la not present in the 10-ha Achuta
Grande complex.

Algae or plants not visibly present in
water column.

Controls.

Potatoes under cultivation; potato roots
present in cylinder.

Control.

Closed assay vessel (1.5 liter) containing
filamentous algal mats.

Control.

30-m? area; three cylinders surrounding
totora plants in standing water with
Elodea, Potamageton in the water col-
umn; three cylinders over tortora
plants in sediments; three cylinders
over totora plants in drier but saturat-
ed sediments; all totora plants truncat-
ed at 10 cm above sediment/water
surface; Azolla and filamentous algal
mats not present at this site; sampled
only in winter 1995.

Controls: two cylinders; one over trun-
cated totora in saturated sediment and
one in dry site over sediment only.

coarse sand and showed the lowest content of fine

sands, silts, and clay.

Table 3 summarizes mean values for pmol of
ethylene produced by acetylene reduction (AR) as-
says for flooded canals, soils of planting platforms,

marshes immediately adjacent to the raised-field
systems, the dry hillside field, the tortora bed, and
closed vessel assays of filamentous algal mats and
Azolla. AR activity per cylinder or closed vessel as-
say as function of time (i.e., ethylene reduced at 6,

TABLE 2. Summary of soil data for the different sites at Lakaya, Chocara, Achuta Grande, and the totora bed at the
eastern edge of Lake Titicaca. Means for pH, percent C, and percent N are values (= SD) for nine combined
soil samples taken from platforms, canals, and marsh sediments across all study sites. For the single hillside site
and totora bed, values are the means of three homogenized soil and sediment samples. Particle size analysis
was performed once for combined soil samples from each site.

Soil parameter
Rocks/
coarse  Fine
Sample pH percent C percent N sand  sand Sile Clay

Platform soils 7.2 *£0.1 3.58 * 0.74 0.31 * 0.04 0 22 22 56

Canal sediments 74+ 03 5.20 * 0.58 0.81 = 0.77 0 24 19 57

Marsh sediments 7.3 *0.1 7.61 = 0.55 0.63 £ 0.05 0 15 24 61

Hillside soil 7.3 1.40 0.14 50 11 4 35

Totora bed sediment 7.3 3.49 0.39 0 10 27 63
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TABLE 3. Mean values for nitrogen fixation as estimated by acetylene reduction (AR). Values are calculated as umol of
ethylene produced/m?/24 b (*+ SD) for comparison to other values in the literature. Endogenous ethylene
production was not detectable in control cylinders or assay vessels. Refer to Table 1 for corresponding field notes
Jor each cylinder or assay set. NA = Not Assayed (see text).

Type/no. of !umol ethylene/m?/24 h
assays—assay
Site designation Assay location Winter 1995 Summer 1996
Lakaya Cylinder/3-a Flooded canal 146.0 = 679a NA
Cylinder/3-b Flooded canal 55.6 = 48.4b NA
Cylinder/3-c Flooded canal 13.8 £ 09c¢ NA
Cylinder/3-d Planting platform 0.5 * 03d NA
Closed assay/3-e Canal in situ—~Azolla 537.6 + 280.2 ¢ NA
Chocara Cylinder/6-a Flooded canal 272 * 89f 39.2 £ 2261
Cylinder/6-b Marsh 58.7 = 399b 90.4 * 342 ¢
Cylinder/6-c Planting platform 20+ 0.1h 25 *02h
Closed assay/3-d Canal i situ—Azolla NA 186.1 = 559a
Cylinder/6-e Dry, hillside field trace trace
Achuta Grande Cylinder/9-a Flooded canal NA 28.0 * 10.2f
Cylinder/3-b Flooded canal NA 32*27h
Cylinder/3-c Planting platform NA 0.62 = 0.2d
Closed assay/3-d Canal 77 situ—algal mats  NA 449 = 19.7b
Totora bed Cylinder/9-a Totora bed 11.8 = 8.8¢ NA

! Means followed by the same letter are not significantly different according to Fisher’s PLSD multiple comparison

test at a 95 percent level of significance.

12, and 24 h) shows typical rate curves for these
types of assays (data not illustrated; Biesboer
1984a, b; Eckardt & Biesboer 1988a, b; Biesboer
et al. 1998). High variability is expected in assays
of these types because unknown numbers and spe-
cies of various nitrogen fixing autotrophs and het-
erotrophs are associated with the plants in each as-
say cylinder. Azolla filiculoides is an important ni-
trogen fixing species in the raised-field agricultural
system. Cylinders or closed assay vessels containing
Azolla plants exhibited the highest accumulations
of ethylene during the 24-h assay periods. The
highest detectable activities occurred in the Lakaya
cylinders set (3-a; from a canal in which the surface
was 100 percent covered with several layers of float-
ing plants) and in closed assay vessels containing
Azolla (incubated i situ at Lakaya [3-€] during the
winter of 1995 and at Chocara (3-d) during the
summer of 1996).

The importance of the number of Azollz plants
present on the surface of a canal is made readily
apparent from values obtained for the series of cyl-
inders placed in canals at Lakaya in which the sur-
faces were covered with a crowded layer of plants,
a single layer of plants, or <10 percent of the water
surface (Lakaya 3-a, 3-b, 3-c, respectively). Ethyl-
ene production decreased by an order of magnitude
from 146.0 to 55.6 to 13.8 wmol ethylene/m?/24
h. The closed vessel assay containing Azo//a incu-

bated in situ at Lakaya (3-e) is illustrative of the
highest AR rates in the light that might be en-
countered in canals that support dense populations
of Azolla. The Azolla for this assay was collected
from a narrow, deep, and well-protected (from
freezing) canal that supported a luxurious 2 to 4-
cm thick mat of Azollz mixed with some Lemna.
This canal presented ideal growing conditions for
this species but was unusual because canals and
marshes generally had water surfaces covered by a
single layer of plants.

The effects of temperature on acetylene reduc-
tion are shown by comparing values for AR in ca-
nals and marshes for the winter and summer at
Chocara. As mentioned, water temperatures varied
from 0°C in the morning to 15°C in the afternoon
in protected areas of canals exposed to direct sun-
light in the winter and from 20°C in the morning
to 27°C in the summer. At Chocara, increases in
AR occurred from winter to summer (27.2—39.2
wmol ethylene/m?/24 h in canal assays (6-a) placed
over algal mats; 58.7-90.4 wmol ethylene/m?/24 h
in marsh assays (6-b) in which cz 50-75% of the
water surface was covered by Azolla). Populations
of Azolla (i.e., their surface coverage and density)
and the size and location of algal mats in the water
column appeared to remain stable between winter
of 1995 and summer of 1996.

Algal mats, which by microscopic inspection



were composed of both filamentous green and
blue-green taxa, also contributed to AR activity in
canals but at lesser rates than in canals that support
Azolla. Canal assays at Chocara set over algal mats
(6-a) in both winter and summer (27.26 and 39.23
pmol ethylene/m?/24 h, respectively), and closed
vessel assays at Achuta Grande (3-c; 28.02 pwmol
ethylene/m?/24 h) showed considerable amounts of
AR activity but always at rates lower than for assay
cylinders or vessels in which the water surface was
covered 50 percent or more by Azolla.

Cylinders not containing Azolla, visible mats of
algae, or higher plant roots (Achuta Grande; 3-b)
showed minimal amounts of nitrogen fixing activ-
ity. Likewise, planting platforms and the dry, rocky
soils of the hillside field supported little or no AR
activity. The soils of planting platforms at Lakaya
(3-d), Chocara (6¢), and Achuta Grande (3-b) re-
duced 2.50 pmol ethylene/m?/24 h or less. Eth-
ylene was detectable only in the 24-h assay of sam-
pling cylinders placed on planting platforms. The
soils of the traditional dry field in the hills above
Chocara exhibited only a trace amount of AR ac-
tivity in both winter and summer.

Acetylene reduction activity also occurred in as-
sociation with totora plants in the large totora bed
(9-a) found near the shores of Lake Titicaca. The
mean value of 11.8 pmol ethylene/m?/24 h was
intermediate to the values found for the Azo/la as-
says and algal mats in the canals of the raised-field
systems.

Nitrate and ammonium concentrations of canal
water and soil pore water were also very low. Ni-
trate was either not detectable or found to be <
1.0 mg/liter (N = 20). Ammonia was consistently
found to be between 3—6 mg/liter for the saturated
soils of canals and marshes (V = 20).

DISCUSSION

The soils of the often steep upland hills are xeric,
highly erodable, and composed of 50 percent rocks
and coarse sand (Table 2). They are poor sites for
nitrogen fixation. In contrast, the pampas of the
Rio Tiwanaku and Rio Catari basins have soils
composed of fine fluvial and lacustrine deposits
that are often saturated because of periodic inun-
dation by rains, percolating groundwater, standing
water, springs, and large and small streams. Their
flora is dominated by aquatic vegetation. These
wetland areas act as catchments for nutrients and
particulates eroding from the surrounding hills,
with the wet soils and standing water favoring free-
living diazotrophic, autotrophic, and heterotrophic
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microorganisms, and the microorganisms associat-
ed with the rhizosphere of aquatic plants (Tjep-
kema & Evans 1976).

Soils of the Andes are especially nitrogen-poor
(Vincent ez al. 1984, 1985; Wurtsbaugh ez 4l
1984, 1985; Argollo ez al. 1996). The dry, rocky,
poorly organic soils of the upland noncultivated
and cultivated hills in the Catari basin are high in
phosphorus but very low in total nitrogen (Binford
et al. 1996). In contrast, the wet organic sediments
of canals between raised fields exhibit similar levels
of phosphorus but enhanced levels of nitrogen
(Binford ez 4l 1996; Table 2). In this study, the
canal sediments exhibited increased amounts of to-
tal nitrogen compared to other soils and sediment,
most probably because of the large numbers of ni-
trogen fixing organisms present in the canal system
(Table 2). Ammonium, as expected, was the prin-
cipal species of nitrogen found in the reduced sed-
iments of canals.

Enhanced levels of carbon and nitrogen in the
canals of raised fields occur for two reasons: (1) the
fields act as detention basins in the watershed that
slow or stop the movement of dissolved and par-
ticulate-bound nutrients from the uplands to the
lake basin (Carney et 4/ 1993); and (2) the canals
afford an ideal habitat for the growth of nitrogen
fixing organisms and aquatic angiosperms (such as
totora) that show considerable nitrogen fixation as-
sociated with their root systems. Although different
organisms contribute to the importation of newly
fixed nitrogen into the canals of the raised-field sys-
tem, Azolla, via its symbiont Anabaena azollae, is
the most important nitrogen-fixing organism (Ta-
ble 4).

The contribution of Azolla to nitrogen fixation
in canals of a single field can be estimated by sim-
ple calculation. Using the conservative value of
55.6 pmol ethylene/m?/24 h (Table 4; Lakaya Cyl-
inder assays/3-a; assayed over surfaces typically cov-
ered by a single layer of Azolla during the winter)
and using the standard ratio of 3 mol C,Hy re-
duced:1 mol N, fixed, Azolla that covers the sur-
face of a canal in a single layer can fix 0.25 g N/
m?/d or 2.5 kg N/ha/d. This value of 2.5 kg N/
ha/d compares favorably to other values reported
for Azolla filiculoides (range = 1.5-2.6 kg/N/ha/d;
Nierzwicki-Bauer 1990). On an annual basis, Azol-
la would fix 2.5 kg N/ha/d X 365 d or 912.5 kg/
ha/yr. Estimates would be higher or lower depend-
ing on the density of the population of Azolla and/
or presence of other cyanobacteria in individual ca-
nals. Estimates could be made also for nitrogen
gained per day via Azolla for a typical rehabilitated
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TABLE 4. Estimates of nitrogen fixed within the raised-field system as kg Niha/d and kg Nihalyr. The table uses conser-
vative values for AR gathered in the winter of 1995 (see Tables 1 and 2) to calculate kg Niba/d for: (1) canals
covered with a single layer of Azolla; (2) dense algal mats in the water column; (3) small numbers of Azolla
on the water surface and presence of some filamentous algae in the water column; and (4) the soils of planting
platforms.
pmol ethylene/
m2/24 h
Order of (acetylene
importance Assay reduction) kg N/ha/d kg N/ha/yr
1 Flooded canal; Azolla covers surface (Lakaya cylin- 55.6 2.5 912.5
der/3-b, 1995)
2 Flooded canal; dense algal mats in water column 27.2 1.2 438.5
(Chocara cylinder/3-a, 1995)
3 Flooded canal; small number of Azollz and algae 13.8 0.6 219.0
present (Lakaya cylinder/3-c, 1995)
4 Planting platform (Chocara cylinder/6-c, 1995) 2.0 0.09 32.8

raised field. The total area of the canals in the re-
habilitated raised field at Lakaya is 400.3 m2. Total
nitrogen fixed in the entire raised-field system at
Lakaya would be 400.3 m? X 0.25 g/ m?/24 h X
365 d/yr or 36.5 kg N on an annual basis if the
canals of the raised-field system supported a single
layer of Azolla.

Table 4 compares the combinations of nitrogen
fixing organisms that might be present in a canal
and their potential to fix nitrogen. Both Azo//z and
blue-green bacteria, when present as mats in the
water columns, are the principal contributors to
nitrogen gains from nitrogen fixation in the raised-
field agricultural system. As expected, little nitrogen
fixation occurs on the drier, elevated soils of the
planting platforms.

Although this paper focuses on the nitrogen
fixation occurring in the raised-field system, it is
obvious from AR assays performed in adjacent
marshes and in the totora bed located on the shores
of Lake Titicaca that the wetlands of the pampas
are regionally important for bringing additional ni-
trogen into this nitrogen depauparate ecosystem.
Thirty-five percent and 12 percent of the Catari
River valley and Tiwanaku River valley, respective-
ly, are designated as permanent wetlands (Binford
& Kolata 1996). The marsh adjacent to the raised-
field system in Chocara that supported a popula-
tion of Azolla showed increased levels of AR in
both winter and summer (Table 3). Plants in the
totora beds also showed values of AR that were
slightly less than in some of the cylinder assays for
canals during the same time period (Table 3: Lak-
aya Cylinder/3-c and tortora bed). Totora is one of
the most important sources of fodder for livestock
in the region.

In 1995, the totora beds were accessible from
the shoreline because of low water levels in Lake
Titicaca. Many villagers pastured their cattle in the
dry totora beds. Totora is also harvested and often
transported many kilometers from the lake edge to
be dried and stockpiled for later use. Additionally,
it is frequently transplanted into the canal edges of
raised fields or into marshy areas near individual
households where it becomes a local cultivated
source of totora.

Some evidence exists for the increased produc-
tivity of raised fields as evidenced by contemporary
land use patterns in the altiplano. Local farmers
crop hillside fields about every five or six years. In
contrast, rehabilitated raised fields are cropped an-
nually by some farmers. Kolata ez 2/ (1991) com-
pared three agricultural practices: traditional culti-
vation without commercial fertilizers; traditional
cultivation with the addition of commercial fertil-
izers; and experimental raised fields. On 12 culd-
vated parcels of experimental, rehabilitated raised
fields in the 1987-88 season, potato yields were
twice the yield of traditional fields supplemented
with chemical fertilizers, and over seven times the
yield of unimproved traditional cultivation. The
pampas, however, are rarely used for growing crops.
Approximately 10 percent of the topographically
higher and drier areas of the Bolivian pampas are
farmed, with the rest of the area being devoted to
pasturage of livestock.

Although it is clear that raised fields can in-
crease agricultural productivity, it is not possible at
this time to determine the maximum annual nitro-
gen gain to crops grown on raised fields via the
growth and incorporation of Azolla, algae, or other
aquatic plant species into the beds of the planting



platforms. Many factors will influence the use of
Azolla and algae as green manures in the altiplano,
including the nitrogen requirements of local crops,
presence or absence of other important soil nutri-
ents, loss of nitrogen via denitrification and other
pathways such as leaching, annual growth limita-
tions, and periodic harvesting of Azolla for incor-
poration into planting platforms. Agronomically
meaningful nitrogen fixation has been defined as
> 5 kg N/ha for the aquatic crop of rice (Ventura
& Watanabe 1983). Azolla or blue-green bacteria,
however, have not been historically exploited as an
alternative nitrogenous fertilizer in the high altitude
tropics as they have been in lowland regions of the
tropics (Singh 1979, Roger & Kulasooriya 1980,
Reynaud 1982, Watanabe 1982, Ye 1984, Kikuchi
er al. 1985, Kumarasinghe & Eskew 1993).
Several important conclusions can be made
from this study of nitrogen fixation in the raised-
field system, as practiced extensively by the Tiwan-
ku culture in the past and only sporadically in re-
habilitated raised fields in modern times. The Ti-
wanaku farmed the pampas intensively by utilizing
190 km? of its soil surface to support a population
of 285,000 to 570,000 people until a 200-year
drought caused the collapse of their civilization
(Kolata & Ortloff 1996, Binford ez 2/ 1997).
Their economic success as a civilization was due
partially to the exploitation of raised fields to bio-
geochemically capture limiting plant nutrients. Ca-
nals and their associated planting platforms can re-
alize a major net gain in nitrogen over time as ni-
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trogen is fixed by diazotrophic organisms in canals
and taken up by other plants living in the same
aquatic environment. These organisms and aquatic
plants growing in canals, if efficiently managed, can
provide a nitrogen-rich green manure for incor-
poration into the soils of planting platforms (Ko-
lata 1991).

Based on the findings of this study, we rec-
ommend that farmers using raised-field systems
keep canals filled with water throughout the year.
Canals that become dry because of low rainfall or
diversion of water sources for other purposes, kill
the populations of nitrogen fixing organisms and
aquatic plants inhabiting the canals.
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