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ABSTRACT. Zuni and
tivated  maize  in  semiarid  New  Mexico,  relying  on  natural  landscape  processes  to
channel  water  and  nutrients  to  their  crops.  Runoff  generated  by  localized  thun-
derstorms  spreads  across  fields  located  on  alluvial  fans.  This  study  documents
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1  for  low-density  crop  production  and  textural  sorting
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terspersed  with  other  crops.  Maize  population  densities  varied  widely,  averaging
9650  plants/ha  (SE  ±  1281).  Mean  grain  yield  was  572  (±  181)  kg/ha.  Greatest
yield,  1841  kg/ha,  was  obtained  from  the  field  having  moderate  maize  density,
few  weeds,  and  planted  in  mid-May.  Delayed  planting  and  weeds  suppressed
yields  in  the  other  fields.  Yield  potential  of  these  systems,  however,  is  likely  great-
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knowledge.  Native  American  agriculture,  run
agriculture,

RESUMEN.—  Durante  mas  de  2000  anos,  los  Zuni  y  sus  ancestros  han  cultivado
maiz  en  el  Nuevo  Mexico  semiarido,  y  han  manejado  cuencas  con  la  finalidad  de
canalizar  el  agua  y  los  nutrientes  hacia  sus  cultivos.  El  escurrimiento  superficial
generado  por  las  tormentas  locales  se  distribuye  a  traves  de  los  campos  ubicados
sobre  abanicos  aluviales.  Este  estudio  documenta  las  propiedades  del  suelo,  las
prdcticas  productivas,  y  los  rendimientos  de  mai'z  en  cuatro  campos  tradicionales

Zuni
escurrimiento

sedimentos
tes  adecuados  para  una  producci6n  de  cosechas  de  baja  densidad  de  siembra  y
un  repartimiento  de  varias  clases  sedimentarias.  La  intensidad  de  manejo  la  de-
termina  principlamente  la  disponibilidad  de  tiempo,  mano  de  obra,  equipamiento
V h-;,nQnnrtp T a Siembra se oroduce comiinmente en mayo. Los agricultores siem-
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bran maiz a una profxindidad de unos 15 cm en monticulos de multiples plantas.
Cada campo contiene  dos  o  mas  cultivares  tradicionales  de  mafz  de  polinizacion
abierta,  a  veces  mezclados  entre  otros  cultivos.  Las  densidades  de  poblacion  de
maiz  varian  ampliamente  en  tomo  a  una  media  de  9650  plantas/ha  (SE  ±  1281).
La produccion media de grano fue 572 (± 181) kg/ha. La produccion mayor, 1841
kg/ha,  se  obtuvo  en  un  campo  con  una  densidad  poblacional  moderada,  pocas
malezas,  y  con fecha de siembra de mediados de mayo.  El  retraso en la siembra
y las malezas redujeron la produccion en los otros campos. Es posible que el nivel
de produccion de estos sistemas sea mayor de lo obser\^ado. La diversidad geo-
grSfica y geomorfologica de los campos reduce los riesgos.

RESUME.—  Pendant  plus  de  2000  ans,  les  Zuni  et  leurs  ancetres  ont  cultive  le
mais  dans  le  New  Mexico  semi-aride,  comptants  sur  des  processus  du  paysage
naturel pour canaliser I'eau et les substances nutritives vers leurs cultures. L'eau
4*^^  ^  ^  _

documente
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m, et  le  rendement du mais sur quatre champs
Zuni et traditionnellement aporovisiones nar dps

dant  la  belle  saison,  chaque  champ a  re^u  au  moins  deux  episodes  de  ruisselle-
champs

un
sediments

temps,  de  main-d'oeuvre,  d'equipement  et  de  transport.  En  general,  les  agricul-
teurs  sement  pendant  le  mois  de mai,  avec  le  mais  plante a  une profondeur d'a

traditionnelles
champ

cultures.  La  densite  des  populations  du  mais,  qui  variait  considerablement  d'un
champ 1281).
Le rendement moyen etait de 572 (± 181) kg/ha. Le plus haut rendement, de 1841

dans un champ
enne, et seme a mi

champ
systemes est vraisemblablement plus eleve que nous I'avons observe. La geogra-
phie et la geomorphologie diversifiees des champs reduisent les risques.
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cessfully  used  in  traditional  systems  throughout  the  world  and  as  part  of  modem
agricultural  systems  in  areas  such  as  the  Negev  Desert,  These  water-harvesting
methods  are  particularly  applicable  to  agricultural  development  in  arid  and  semi-
arid  areas  where  high  capital  investment  or  highly  technological  systems  are  en-
vironmentally  socially  or  economically  unsuitable.

A  diversity  of  rainwater-harvesting  systems  have  been  used  for  centuries  by
the  Zuni  and  their  ancestors  and  other  peoples  in  the  arid  and  semiarid  south-
western  U.S.  and  northern  Mexico  (Bryan  1929;  Gushing  1974;  Doolittle  2000;
Hack  1942;  Hart  1995;  Maxwell  2000;  Nabhan  1984);  the  Zuni  are  one  of  the
western  Puebloan  tribes  of  the  U.S.  Southwest.  Traditional  agricultural  systems
presently  found  at  Zuni  and  in  other  Native  American  communities  in  the  region
provide  models  of  enduring  systems.  Expanded  understanding  of  their  adapted
cultivars  and  the  agroecological  structure  and  function  of  these  systems  may  con-
tribute  to  the  development  of  sustainable  agricultural  systems  to  successfully  meet
the  challenges  of  increased  water  demands  in  arid  and  semiarid  areas.

Most  of  the  available  information  about  traditional  Native  American  agricul-
ture  in  the  U.S.  Southwest  is  based  on  ethnographies,  historical  and  archaeological
records,  and  agronomic  studies  focused  on  modern  cultivars  and  practices  or  on
traditional  systems  in  other  regions.  Several  researchers  have  used  such  infor-
mation  to  model  productivity  of  ancient  and  current  traditional  systems  (e.g.,
Rhode  1995;  Van  West  1996).  Little  research,  however,  has  been  conducted  on
specific  agronomic  characteristics  of  traditional  cultivars  and  associated  practices.
Documentation  of  these  time-tested  systems  is  urgent.  Traditional  agricultural
knowledge  in  the  Southwest  is  rapidly  eroding  as  fewer  indigenous  farmers  apply
that  knowledge  or  pass  it  on  to  younger  generations  (Brandt  1995).  Commercial
production  of  alfalfa,  increasingly  important  on  reservations,  also  threatens  to
further  displace  traditional  techiuques.

The  observational  study  reported  here  documents  contemporary  runoff  ag-
ricultural  practices  of  several  Zuni  farmers  and  explores  general  relationships
among  soil  properties,  production  practices,  and  maize  productivity  of  their
fields.  This  study  is  part  of  a  larger  research  project  designed  to  examine  the
agroecological  structure  and  function  of  traditional  runoff  agriculture  in  this
semiarid  environment  (e.g.,  Sandor  et  al.  1999).

Location  and  Landscape.  —  The  Zuni  Indian  Reservation  is  located  in  the  mesa  coun-
try  of  western  New  Mexico  in  the  southeastern  part  of  the  Colorado  Plateau  (Fig-
ure  1).  Topography  is  controlled  by  mainly  flat-lying  to  gently  dipping  strata  of
uplifted  sedimentary  rocks  with  variable  resistance  to  erosion.  Alternating  strata
of  resistant  sandstone  and  more  erodible  shale  of  mostly  Triassic  to  Cretaceous
age  underlie  mesas  and  cuestas  (Orr  1987).  Mesas  are  separated  by  narrow  can-
yons  to  broad  alluvial  valleys.  Valley  margins,  where  traditional  runoff  agriculture
is  usually  practiced,  mostly  comprise  areas  of  coalescing  alluvial  fans  where
ephemeral  streams  deposit  mixed  sediments  from  mesa  uplands.  Soils  grade  from
Alfisols  (soils  having  subsurface  clay  accumulation)  and  Aridisols  (desert  soils
with  subsurface  development)  in  the  drier  western  portion  to  MoUisols  (soils  hav-
ing  thick  topsoil  rich  in  organic  matter)  and  Alfisols  in  the  higher  eastern  valleys
of  the  reservation  (Soil  Survey  Staff  1999;  USDA-NRCS,  publication  pending).
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temperature  regime  varies  from  thermic  to  mesic,
aridir  to  ustic  fsemiarid).  Elevation  ranees  from

m  near  the  Arizona  border  to  2347  m  on  eastern  mesas
divide.

Climate.  —  Precipitation  and  temperatu
variability.  Annual

in  the  central  part  of  the  reservation  at  an  elevation  of  1967  m
mm

__^  ^  ^  ^  Wells  1990;  Ferguson  and  Hart  1985;  Kintigh  1985;  Tuan
et  al.'l973).VrecipTtation  generally  increases  with  increasing  elevation.  Approxi-
mately  half  of  the  annual  precipitation  occurs  during  the  summer  monsoon  sea-
son,  usually  extending  from  July  through  September.  Summer  rains  ordinarily
occur  as  highly  localized,  brief,  intense  thunderstorms.  Traditional  runoff  agri-
culture  depends  on  these  monsoon  rains.  The  remainder  of  the  precipitation  is
usually  received  as  lower  intensity  rain  or  snow  from  November  through  March.
May  and  June  are  the  driest  months;  June  has  a  long-term  average  of  only  10  mm.
Zuni  spring  and  early  summer  seasons  are  dry  and  windy.

The  frost-free  period,  when  temperatures  exceed  0°C,  extends  on  average
from  May  16  through  October  12,  averaging  150  days  (s.d.  21  days)  at  Blackrock
(Kintigh  1985;  Tuan  et  al.  1973).  The  frost-free  period  is  generally  shorter  at  higher
elevations.  Although  temperatures  may  stay  above  freezing,  spring  and  early
summer  night  temperatures  are  often  well  below  the  8  to  10°C  minimum

temperature  is  influenced
wind  and  terrain,  includin

The  semiarid  climate  of  Zuni  supports  native  vegetation  dominated  by  jum
per  ijuniperus  spp.),  pinyon  {Pinus  edulis),  and  Gambel  oak  {Quercus  gambeln
woodlands  on  mesa  uplands.  VaUeys  are  semiarid  grasslands  dommated  by  bij
sagebrush  {Artemisia  tridentata)  and  blue  grama  {Boutebua  gracilis).

Zuni  Agriculture. fully
in  most  years  (Kintigh  1985).  Growing  season  moishire  deficit  (atmosphenc

evaporative  demand  less  available  soil-stored  moishire  and  precipitation)  averages
349  mm  (Rhode  1995;  Tuan  et  al.  1973).  Zuni  farmers  report  moishire  and  tem-
perature  as  their  major  concerns  for  crop  production  (Brandt  1995).  Over  the
cenhiries  Zuni  developed  an  agriculhiral  system  that  capitalizes  on  nahiral  land-
scape  processes  to  increase  water  and  nutrient  availability  for  crop  produchon

some
Most

ed  on  valley  margin  alluvial  fans  and  mesa  footslopes.  These  landscape
ions  permit  cold-air  drainage  away  from  crops  and  capture  storm  floodwa-
to  augment  water  availability.  Ephemeral  storm  water,  conducted  by  channel
overland  flow  from  watersheds  upslope,  is  diverted  to  fields  and  managed
2  earthen  berms  or  bunds,  stone  and  /or  wooden  dams,  and  shallow  ditches
hing  1974-  Ferguson  and  Hart  1985;  Kintigh  1985).  Farmers  credit  such  flows,
ther  with  'the  organic-rich  materials  transported  by  runoff  water,  with  sup-
ig  moisture  and  nuhients  to  support  crop  production  (Norton  et  al.  1998).
wL.  ..rr.,hM\r  fprtni7Prs  nor  manure  are  applied  to  runoff  fields.  Crop  pro-
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ductivity  of  these  fields  reflects  integrated  watershed  and  crop  processes  and
ma

Although  spring  winds  are  particularly  drying  and  can  desiccate  seedlings,
field  sites  are  not  specifically  selected  to  provide  wind  protection.  Traditionally,

stubble

ing  seedlings.
stubble  may  have  provided  some  wind  protection  to  the  emerg

Maize  {Zea  mays  L.)  is  the  staple  crop  produced  by  Zuni  farmers  using  rur
cultural  practices.  Local  cultivars  of  open-pollinated  maize  are  sometimes
ropped  with  beans  {Phaseolus  spp.)  and  squash  {Cucurhita  spp.),  and  rota
1  fallow  periods  (Bohrer  1960;  Brandt  1995;  Manolescu  1994).  Maize  has  Ic

and  Hart  1985;  Kintigh
(Gushing

agricultu
Maize

as  been  found  at  Zuiu  (Rhode  1990).  Prehistoric  ceramics
I  houses  indicate  that  many  Zuni  runoff  fields  are  at  least
Lirg  2000).  The  archaeological  record  documents  a  long-ter
Zuni  area,  one  that  is  unusually  continuous  for  the  South

I  agriculture  through  time  (Damp  et  al.  2002;  I^re
Rhode

Zuni

(Hammond  and  Rey  1940).  Hi  eh  agricultural
maize

century  reports  of  the  U.S.  military  in  the  reeion.  which
maize

1985;  Sitgreaves  1853)

t  Zimi,  mostly  in  rainfed-runoff
km  from  the  Pueblo  of  Zimi  CR

Through  the  early  1900s,  most  Zuni  fields  were  situated  on  valley  margins  to
r"  ^7^*^^ge  of  storm  runoff  floodwaters  (Brandt  1995;  Hart  1995).  Zuni  also

fM^f  .^^^^°«dpl^i^«  f  ro^d  the  Pueblo  of  Zuni  and  near  the  farming  villages
o  Nutria  Pescado  and  qo  Caliente,  where  spring-fed  reservoirs  and  canal  and
nlnn  n  r^H  f  1  "''""'  ""^"'"^  ''""^  production  (Figure  1).  The  combi-
of  ob?Jn  1  ?  ""^'*'^  ^'^^'  'P^^^^  '''^'  '^^  i«^P^°v-d  the  likelihood
to^Z^l  T  r^"'  ^^'^^  *"  '"PP^>^  ^^^  ^^^-'^t  ^^^ds  and  maintain  a
U  S  C  t  r^^'.,  '^  TT  ^"'  '''^'^  ^^*h  «t^^^  Native  communities,  the
~  S  199.?^  '1  1*".  o™^""*^  ^™g  *^  ^^-  to  late  nineteenth
century  (Hart  1995)  By  the  late  1800s,  the  traditional  territory  used  by  the  Zuni
?995)  rtheb"  '  'Ti'°  '^"^  '-'  "^^^^°^  ^^  (^1-^1-d  ^t  -1-  1995;  Hart

Early  twentieth-century  federal  government  programs  initiated  laree  dam
ri^c^uuTii:;:'  r^^^  t^  *'^-  '^^r  ^^  -^^  -^  LZTJJ^iLfz
^  e  Protams  Tff  ?^  '^"f  ^''^  ""^"^  °^  *^^  --^^^  U.S.  (WorLr  198l).

hese  programs  shifted  agriculture  from  primarily  traditional  valley  margin
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which
or  sodic  soils)  and  are  more  prone  to  frost.  Spring-fed  irrigated  agriculture  had
been  traditionally  practiced  along  the  main  valleys,  but  the  government-imposed
programs  radically  altered  and  disrupted  traditional  Zuni  agriculture.  Most  Zuni
moved  into  the  Pueblo  of  Zuni  or  Blackrock,  leaving  few  people  in  the  outlying
farming  villages.  Extensive  erosion  and  gully  or  arroyo  downcutting  during  the
late  nineteenth  and  early  twentieth  centuries  further  restricted  floodwater  farming
in  some  areas  (Hart  1995).  Beginning  in  the  1930s,  many  areas  that  had  been
runoff  farmed  became  grazing  lands  in  response  to  federal  policies  favoring  live-
stock  production  over  farming.  By  1935,  reservation  lands  consisted  of  only
137,700  ha,  with  just  2100  ha  cultivated.  Gradually  the  local  economy  shifted  from
reliance  on  agriculture  to  wage  labor.  Although  some  Zuni  continued  their  cus-
tomary  agricultural  practices,  most  Zuni  held  non-agricultural  jobs,  raised  live-

d/
5  for  cattle  and  sheep.  During  the  twentieth  century,  tra
knowledge  were  largely  disregarded,  and  traditional  run

riculture
than

runoff  farmed  (Graham  1990;  Hart  1995).  Despite  disruptions  and  change
production  still  plays  a  vital  role  in  Zuni  culture  and  some  traditiona
maize  production  persists  (Bohrer  1960;  Manolescu  1994;  Norton  et  al,  19*
luk  1995).

concerns
the  formation  of  the  Zuni

made  oossible  bv  the  Zuni  Conservation  Act  of  1990;  the  Act  resolved  the  Zimi
gainst  the  U.S.  government

changes  (Hart,  1995).  These  tribal  programs
were  established,  in  part,  to  revitalize  traditional  agricultural  practices.  As  part

under
and

the

study

1.  Document  contemporary  Zuni  runoff  crop  production  practices;  and
2.  Explore  the  general  relationships  among  management,  field  characteristics,

and  maize  productivity.

MATERIALS  AND  METHODS

Fields.—  Field  characteristics,  production  practices,  and  productivity  of  four  runoff
documented.  The

for  several  reasons:

A  rapport  with  the  farmer-cooperators  had  previously  been  established;
in

• the
reservation
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4
1).  Controlled  cropping  experiments  and  other  portions  of  the  larger  agro-
ecology  study  were  also  located  in  these  districts.

Weather  Data.  —  A  Campbell  Scientific  remote  weather-precipitation  station  was  in-
stalled  at  one  of  the  controlled  cropping  experiment  fields  located  in  the  Bear
Canyon  unit  of  the  Nutria  farming  district  (Figure  1).  Daily  minimum  and  max-
imum  air  temperatures  and  rain  events  were  recorded  for  May  20  through  August
21.  Two  funnel  and  collection  devices  were  installed  adjacent  to  each  of  the  two
experimental  fields  to  measure  rainfall  and  to  sample  precipitation  for  nutrient
content.

Soil  Information.—Fields  were  situated  on  alluvial  fans,  the  traditional  setting  of
runoff  fields.  Each  field  was  subdivided  into  three  areas  based  on  alluvial  fan
position:  upper,  middle,  and  lower  fan.  In  each  fan  position  of  each  field,  four
surface  soil  samples  were  collected  from  the  upper  15  cm,  approximating  the
depth  of  the  plow  zone;  these  four  samples  were  combined  and  a  subsample  of
the  composite  was  analyzed.  The  Nutria  field  surface  soil  sampling,  conducted
as  part  of  the  larger  agroecology  study,  used  a  different  sampling  scheme  in  that
samples  were  collected  along  two  transects  in  the  center  of  the  field  (Homburg

samples  were  analyzed  for  soil  texture

1988).
limiting

m

SoU  profiles  were  described  and  classified  according  to  standard  methods
(Soil  Survey  Staff  1993,  1999)  in  1  X  1  m  or  1  X  2  m  oits  excavated  to  a  denth  of

each

(Klute  1986:  Method
determined  using  the  sieve  and  oioette  meth

solution  for  clay  dispersion.
sodium  hexametaphosphate

Soil

University  Soil
2-mm  sieve  in

and
Method  12-2.6).  Available  phosphorus  was  measured

29-4).

Method  24-5.5.20;  extract  of  0.5  M  NaHCOg  at  pH  8).
mined  colorimeh-ically  (Page  et  al.  1982:  Method  33-8).
s  determined  by  combustion  (Page  et  al.  1982:  Method

Field  Management.  -Fields  were  managed  by  the  farmers  in  their  usual  ways  to
produce  their  traditional,  open-pollinated  maize  cultivars  and  other  crops.  wLner
Quandelacy  and  his  brothers  manage  the  Elk,  Nutria,  and  Bear  Canyon  fields.
Stanley  Sanchez  and  Carmichael  Laiwakete  manage  the  Pescado  field
.  •.wl°T''°''  T  "^^^^^'^  primarily  through  in-field  visits  and  discussions
with  the  fanners  durmg  the  1998  growing  season,  h^formation  collected  for  each
field  mcluded  recent  field  history;  specific  crops  and  cultivars  grown,  and  seed
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Plot
Uncropped in 1998
Drainage
Road
Fence

10 20m

FIGURE 2 —Field maps showing drainages and approximate locations of plots within each
..^.^  Each  plot  is  5  X  5  m.  a)  Nutria;  b)  Bear  Canyon;  and  c)  Elk  fields.  Pescado  field  is
not  shown  Maps  are  oriented  with  upslope  shown  at  the  top.  (Original  maps  by  Troy
Lucio.)

sources;  planting  date,  depth,  and  method;  harvest
management;  and  weed  and  pest  management  prac

Maize Each  field  was  mapped  and  divided  into  a  grid  of  5  X  5  m
with  each

each
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Each  field  was  stratified  into  laree  sections
features

each  part  of  the  field,  two
num

each
field.

3.  Where  a  selected  plot  was  at  the  field  margin,  the  next  adjacent  plot  to-
wards  the  interior  of  the  field  was  substituted  to  diminish  any  edge  or
border  effects.

4.  In  fields  intercropped  with  other  crops,  only  those  plots  also  containing
maize  were  sampled.

The  ten  selected  plots  in  each  field  were  outlined  with  flagging  tape  or  string  to
facilitate  monitoring  throughout  the  growing  season.

Maize  data  were  collected  from  each  of  the  ten  plots  in  each  field.  These  data
included  stand  density  total  number  of  ears,  and  grain  yield  of  each  plot.  Maize
population  density  was  determined  in  late  July  and  early  August  by  counting  and
multiplying  the  total  number  of  hills  and  number  of  plants  in  five  random  hills
in  each  plot:  Plants/plot  =  (number  of  hills/plot)  X  (mean  number  of  plants  in
five  hills  in  the  plot).

Weed  pressure  was  visually  estimated  relative  to  crop  plants  growing  in  the
field.  Weed  nressure  ratinirs  wprp  Hpfinpr!  :^q-

•  "Minimal'
weeds  (i.e.,  non-crop  species);

•  "Moderate"  —  Weeds  comprised  approximately  half  of  the  plants  in  the
field; and

•  "Severe"—  Weeds  were  the  dominant  vegetation  in  the  field.
'i.

Harvest  occurred  on  6,  7,  ai\d  9  October  1998.  Only  those  ears  deemed  suf-
■ntly  mature  by  the  farmers  were  included  in  the  harvest.  Harvested  ears  were
ated,  dried,  hand-shelled,  and  grain  weighed  to  determine  yield.  Ears  lacking
harvestable  grain  were  not  included  in  the  count  of  number  of  ears  ner  nlot.

Statistical  Analysis.—  Summary  statistics,  correlation  coefficiei
of  variation  (CV)  were  calculated  using  the  standard  functions
2000.  Data  are  reported  as  means  and  standard  error  (±  SE).

Microsoft

RESULTS  AND  DISCUSSION

Zuni  farmers  report  that  maize,  beans,  squash,  and  melons  are  produced  for
household  consumption,  to  share  with  community  members,  to  generate  seed,  to
mamtam  land  use  rights,  and  because  farming  is  a  time-honored  activity  (Bohrer
1960;  Brandt  1992;  Manolescu  1994).  Crop  production,  however,  is  not  the  primary
economic  activity  of  most  Zuni  farmers  today,  including  the  farmer-cooperators
m  this  study  (Brandt  1992;  Cleveland  et  al.  1995;  Manolescu  1994).  Farmers  note
that  fields  are  often  left  unplanted  due  to  the  lack  of  time,  water,  equipment,  or
other  production  constraints.  Although  these  constraints  also  often  limit  their
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farming  activities,  the  farmers  in  this  study  plant  maize  in  one  or  more  fields
every year.

One  farmer  and  his  family  have  fields  in  both  the  Pescado  and  Nutria  farming
districts,  whereas  the  other  farmer-cooperators  have  several  fields  in  different
landscape  settings  in  the  Pescado  district.  Most  Zuni  farmers  have  two  or  more
fields,  often  in  different  parts  of  the  reservation  (Manolescu  1994).  The  use  of
scattered  multiple  fields  traditionally  served  to  buffer  the  agricultural  system
against  crop  failure  (Cleveland  et  al.  1995;  Ferguson  and  Hart  1985).  Overall  yield
stability  results  from  differences  in  growing  season  conditions  (moisture  and  tem-
perature),  soils,  and  pests  among  diverse  field  locations.

Field  Characteristics.—  Farmers  in  this  study  report  that  field  selection  is  based  on
several  criteria:

•  land  use  rights;
•  probability  of  the  field  receiving  sufficient  water  to  support  crop  produc-

tion; and
•  field  size  and  qualities,  including  soil  texture  and  natural  vegetation.

1  I  . h
In  addition,  one  farmer  specifically  avoids  areas  with  sparse  or  weedy  vegetation.
These

Manolescu
Norton  2000;  Pawluk  1995;  Prevost  et  al.  1993).

Tiie  four  fields  studied  are  situated  to  receive  storm  floodwaters  from
two  fields  in  each

more
Mean  elevation  of  these  four  fields  is  2079  m.  Known  fields  in  the  Pescado

and  Nutria  areas  are  concentrated  between  2000  and  2150  m  elevafion.  Zuni  and
Navajo  have  farmed  a  few  sites  in  the  area  at  elevations  up  to  2250  m  (Ferguson
1985;  Rhode  1990).  In  an  archaeological  sur\^ey  of  Zuni  agricultural  sites,  Rhode
(1990)  found  that  the  majority  of  sites  occur  between  2010  and  2075  m,  with  an
overall  range  of  1950  to  2250  m.  Cold  temperatures  ordinarily  make  the  growing
season  length  too  short  for  maize  production  at  elevations  much  above  2200  m  in
this  region  (Brandt  1995;  Sandor  1995).

Historically,  the  cropped  area  of  these  fields  was  substantially  greater  than
the  area  cultivated  in  1998  (Table  1).  The  cultivated  area  of  these  fields  averaged
0.69  ha  (±  0.37);  the  three  fields  managed  by  one  family  averaged  0.32  ha.  Most

(Manolescu  1994).  Farmers
limit

that  periodically  leaving  fields  or  sections  of  fields  uncro
important  to  maintain  field  productivity.  Generally,  fiel

two
observed  that  fields  cropped  for  more
f.vVi;ViU  nutrient  deficiencies.  The  effect!

lowing  to  accumulate  nutrients  or  disrupt  pest  cycles  depends  on  the  length  of
the  fallow  period  and  the  field's  vegetation  during  the  fallow  period.

Bear  Canyon  field  was  in  its  second  consecutive  year  of  cropping;  the  farmer
estimated  that  it  had  been  fallow  for  the  previous  10  to  12  years.  The  Nutria  field
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TABLE 1. — Field locations and physical environments.

Field
name

Bear Can-
yon

Nutria
Elk
Pescado

Water-  Field
shed  eleva-

tion
(m)

1998
Culti-

Field  vated
size
(ha)

area Slope
(ha)  (%)

2067 2.9 0.3 3

2070
2100
2080

13.8
0.4

2 to 72

0.3
0.4
1.8

5
3
3

' Data from Norton (1996:62).
 ̂Data from Graham (1990:99). Historically, the cropped area of this field has ranged between 2 and

7 ha.

had  been  cropped  for  about  five  consecutive  years.  Crop  production  at  the  Pes-
r*:3rir\  fiolH  T'/^fri4-i-*o  /^tt^^^t-  ^^,  ^.^.l^  ^r,,  1  ■_  t  t  -•  .■•  -•ery  couple  of  years  between
cropped  in  1998  was  in  its  second  successive  year  of  production.  To  the  farmers
knowledge

This
try

observed
two but  not

archaeological
With

been  cropped  occasionally  since  at  least  A.D.  1000  (Homburg  2000).
Soil  classification  and  physical  properties.  Soils  in  most  of  the  fields  are  clas-

sified  as  Alfisols,  and  all  four  fields  have  loamy  to  sandy  surface  textures  (Table
Among  his  selection  criteria,  one  farmer

textures,  such  as  sandy
Medium  to  moderately

and  water-holding
Weil

each

twice  the  clay  content  in  the  upper  15  cm
situated  more  distally  on  alluvial  fans  exhibited

decreasing

The

studies
observations

geomorphology  (e.g..  Waters
s  of  each  field  demonstrates

.a.  cv  cxu^  mterspersea  with  soil  horizons  marking  periods  of  geomorph
ty  (Homburg  2000).  Soil  development  is  indicated  by  the  accumulation

younger,  coarser  alluvial  fan  sediment
exam

moisture
isis in ars
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TABLE  2.—  Surface  soil  (0-15  cm)  physical  properties  and  soil  taxonomic  classification  of
fields.

Relative field
position of

Sand  Silt  Clay
con-  con-  con-
tent  tent  tent

Field  name  surface  sample  (%)  (%)  (%)
Textural

class

Soil
classification

(Family)

Bear Canyon 72.5  18.0  9.5  sand  loam
69.9  18.9  11.2  sandy  loam
51.8  32.0  16.1  loam
64.7  23.0  12.3

Fine-loamy, mixed,
mesic,  Aridic  Ha-
plustalP

49 30 21 loam

21
41
16
32

49
36
52
42

30
23
32
26

clay loam
loam
silty clay loam

Fine-loamy, mixed,
mesic,  Aridic  Ha-
plustalf

lower

74.3  15.3  10.4  sandy  loam
66.1  17.2  16.7  sandy  loam
61.3  25.9  12.8  sandy  loam

Coarse-loamy, mixed,
nonacid, mesic,
Aridic  Ustifluvent
with buried argil-
lie horizon

Pescado

Mean

upper mid-
field

mid-field
lower

67.2  19.5  13.3

55.6  26.6  17.8  sandy  loam
45.7  34.5  19.8  loam
28.6  45.0  26.4  loam

Fine-loamy, mixed,
mesic,  Aridic  Ha-
plustalf.  Minimally
developed argillic
horizon

Mean 43.3  35.4  21.3

»  Data  from  Homburg  (2000:240).  „  .  w  ,.■  .  a  c  }a
2 Soil profile excavated about 100 m downslope on same alluvial fan as cultivated field.

4L
horizons  in  the  Pescado  field  (Homburg  2000:98).  Fields  having  soil  profiles  with

textured
in

moisture  within  the  crop  rooting  zone.  The  coarser  surface  promotes  rapid  water
infiltration,  and  the  underlying  more  clayey  zone  holds  water  in  the  root  zone,
reducing  percolation  losses  (Homburg  2000;  Sandor  1995).  In  addition,  a  coarser
surface  reduces  evaporative  losses  due  to  the  larger  pore  size  and  concomitant
reduced  upward  capillary  movement  of  water

Zuni  clearly  recognize  the  relationship  between  soil  moisture  and  soil  texture
(Norton  2000;  Pawluk  1995).  Gushing  (1974:181),  writing  in  the  1880s,  noted  that
"  the  little  drifts  of  sandy  soil  protect  the  underlying  loam  in  which  the  kernels
are'embedded.  .  .  ."  Other  Native  Americans  in  the  region  similarly  select  runoff
fields  with  coarser  surface  layers  underlain  by  more  ^^  WJ^ne^'  ";^^^'^^"g  f^^
Tohono  O'odham  (Nabhan  1984)  and  Hopi  (Bradfield  1971;  Hack  1942;  Prevost  et

^^*  ^S^n  'chemical  properties.  Farmers  in  this  study  do  not  apply  synthetic  fertil-
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TABLE  3.— (0-15 cm) chemical

Field name

Bear Canyon

Nutria

Elk

Pescado

Relative field
location of

surface sample

upper
mid-field
lower

Mean

upper mid-field
upper mid -field
mid-field
mid-field

Mean

upper
mid-field
lower

Mean

upper  mid-field
mid-field
lower

Mean

pH

7.0
6.9
7.0
7.0

8.0
7.8
7.9
7.8
IB

7.0
7.1
6.6
6.9

7.6
7.5
7.1
7.4

Organic
matter

Available  P  Nitrate-N  content
(mg/kg)  (mg/kg)

2
4
1*
2

8
6
7
6
6

6
2
1
3

6
6
8
6

12
21

7
13

19
34
13
18
21

13
8

23
14

10
17
26
18

{%)

1.8
1.9
2.8
2.2

2.5
3.8
2.7
4.5
3.4

1.2
0.9
1.7
1.2

1.7
2.1
3.5
2.4

Available P in this sample was below detectable level and treated as zero in calculation of field mean

izers  or  manure  to  their  fields;  throughout  the  Southwest,  fertilizer  ainendn\ents
are  generally  not  used  in  traditional  systems  (Sandor  1995).  Because  horses  are
pastured  in  the  Pescado  field  following  harvest  and  cattle  are  sometimes  grazed

some  minimal
These  farmers.

runoff
periodic  fallowing.  The  contribution  of  runoff  to  soil  fertility  has  been  recognized
by  generations  of  Zuni  (Gushing  1974;  Manolescu  1994;  Pawluk  1995).  Gushing
(1974)  described  Zuni  management  of  storm  runoff  for  the  express  purposes  of
not  only  irrigating  the  crop,  but  enriching  the  soil  as  well.  This  important  rela-
tionship  between  landscape  processes  and  soil  qualities  is  also  embedded  in  Zuni
soil  terms;  for  example,  the  Zuni  word  for  the  materials  transported  by  runoff

(Pawluk  1995).
recognizmg  the  upslope  source  of  the  orgamc

(

Soil  and  nutrient  analyses  showed  that  the  four  fields  have  optimum  to  some-
\\  alkaline  pH  for  maize  growth  and  adequate  macronutrients  for  these  low
?  density  systems.  Average  soil  pH  in  the  upper  15  cm  of  the  four  fields  is  7.3

surveved  bv  Manolescu

between
from  7.2  to  IH  ,  and  averaging  7.5.  Optimum

/k
plant

each
mg/kg  (±  1.0)  (Table  3).  Nitrate-
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which

mg/kg  nitrate-nitrogen  and  5.9  mg/kg  available  P  (Manolescu  1994).  Soils  of  the
controlled  experiment  fields  of  the  larger  agroecology  study  had  8.5  mg/kg  avail-
able  P  (Homburg  2000);  nitrogen  mineralization  studies  of  these  soils  showed
average  nitrate-nitrogen  of  2.6  (±  0.4)  to  22.2  (±1.4)  mg/kg  at  and  70  days
incubation,  respectively  and  average  ammonium,  another  plant-available  form  of
N  ranged  from  2.3  (±  0.1)  to  0.5  (±  0.0)  mg/kg  at  and  70  days  incubation,
respectively  (Carl  S.  White,  unpublished  data')-  Available  N  varies  during  the
season  with  moisture,  temperature,  and  microbial  activity  (Brady  and  Weil  2002).
Although  maize  in  this  system  is  planted  deeply,  it  is  likely  that  roots  are  present
in  this  upper  soil  layer.  Maize  adventitious  roots,  arising  from  basal  nodes  of  the

stem,  are  common
observed

from
Specific  crop  nutrient  requirements  in  many  soils  in  the  Southwest  are  not
understood.  The

moderate
Mexico

conventional  systems,  however,  require  relatively  higher  amounts  of  nutrients  to

support  higher  plant  populatior
amounts  between  10  and  30  mg/k

densities  and  high  yields.  Nitrate-nitrogen

/k
very

The  lack  of  nutrient  deficiency  symptoms  in  the  farmers'  fields,  with  the  exception
of  the  Pescado  field,  suggests  that  nutrient  levels  were  adequate  to  support  these
low-density  crops  (9650  plants/ha).  Maize  plants  in  the  Pescado  field  were  stunt-
ed  and  displayed  symptoms  of  P  deficiency  likely  resulHng  from  severe  weed
competition  for  both  nutrients  and  water.  When  water  becomes  limitmg,  nutrient
uptake  can  become  restricted.

Agricultural  soils  in  semiarid  environments  are  commonly  deficient  in  N
(Ludwig  1987;  Nabhan  1984;  Sandor  and  Gersper  1988;  West  1991).  In  this  runoff
agrlculSral  system,  however,  storm  flows  transport  organic  matter,  sediments
and  nutrients  to  fields.  As  water  flows  over  the  landscape,  nutrients  are  dissolved
and  transported.  Analyses  of  runoff  water  collected  at  the  controlled  experiment
fields  indicate  that  these  waters  deliver  N  and  other  nutrients  from  the  watershed
to  the  field  (Norton  2000).  In  addition,  precipitation  itself  contributes  plant  usable
forms  of  N  (nitrate-nitrogen  and  ammonium)  to  the  system  (White  and  Thomas

'""lil  organisms  and  watershed  vegetation  also  likely  contribute  to  the  nutriment
status  of  the  fields  (Havener  et  al.  1999).  Soil  microbial  biomass  did  not  differ
sl^ficantly  b^^^^^^  cultivated  and  uncultivated  soils  at  ^-i  —  ^^^^^
trend  of  decreased  microorganisms  in  convenhonal  produchon  fields  in  the  US
Corn  Belt  (Havener  1999)  Field-grown  Zuni  maize  roots  exhibit  substantial
amounts  of  mycorrhiza  formation.  Nutrient  uptake  of  some  unin^proved  maize
c^h^  can  b^e  enhanced  by  mycorrhizae  (Khalil  et  al.  1994);  the  effect  of  my-

o  rHzal  infection  on  Zuni  maize  has  not  been  t-^;^d-/^gt*r.ThTSsldo
watersheds  above  fields  in  the  Pescado  and  Nutria  districts,  including  the  Pescado
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field  watershed,  revealed  the  common  occurrence  of  symbiotic  nitrogen-fixing
plants:  lupine  {Lupinus  spp.),  scurfpea  {Psoralea  tunuflora),  deer  vetch  {Lotus
wrightii),  and  mountain  mahogany  {Cercocarpus  montamis),  actinomycete  nodulat-
ed  vascular  plants,  and  cryptogamic  crusts  (Ha\^ener  1999;  Homburg  2000;  Norton

Cryptoga
atmosph

;amic  crusts  are  important
(Metting  1991).  In  addition  to  nutrients  dissolved  in  runoff

as  the  debris  decomposes  (Norton  2000).
Organic  matter  averaged  2.3%  (±  O.J

storm

in
semiand  zones  are  low  in  organic  matter,  near  to  about  3  or  4%  (Klemmedson
1989).  Organic  matter  contributes  to  soil  water-holding  capacity  and  nutrient
availability  for  crop  production  (Brady  and  Weil  2002).

Based  on  his  fieldwork  in  the  early  1880s,  Gushing  (1974:164-166,  181)  noted
the  importance  of  runoff  to  renew  soil  fertility  and  the  use  of  an  in-field  fallowing

which
A JH -— ----— ^-»-*» ^M,4-/«, WX IpX IV^ fc^X \_ V ±VVCA*J

stubble  to  avoid  successively  planting  in  the  same  place.  The
stubble  also  served  as  a  windbreak,  causing  wind-blown  sediment

Wind

understood

These  wind
winds.  Zun

duction.

Precipitation  and  Runojf.-Summer  rains  in  the  Pescado  and  Nutria  districts  in  1998
occurred  m  a  typical  pattern,  beginning  in  early  July.  Rain  events  were  noted,  but
amounts  were  not  recorded  at  the  farmers'  fields.  Mid-May  through  mid-Septem-
ber  1998,  170  mm  and  175  mm  rain  was  received  at  the  controlled  experiment
fields  located  m  the  Bear  Canyon  and  Nutria  areas,  respectively,  about  10  to  12%
above  average;  mean  precipitation  for  this  period  near  Blackrock  is  155  mm  (Kin-
hgh  1985).  These  rain  amounts,  however,  are  near  the  lower  limit  for  maize  pro-

arm
Maize  is  generally  produced  in  areas  receiving  at  least  250  mm

mm
g  season  (Critchley  and  Siegert  1991).  Daily  consumptive  water  use  can
'■  m'  ^?  °^  ^  ^^"^'^''^  *°  ^''"^  ^^^"^^t^s  (Rhoads  and  Yonts  1984);
/dwr^K^'  iTur''"  r*'^*^"^  ^"^^y  ^"*^^  "^^  ^^tes  range  from  7.5  to
/day  (Abdul-Jabbar  et  al.  1983).  Tl,e  actual  amount  of  .row£».  season  rain

maize
tength  density,  plan,  population  density,  growing  e/son  k^g  Zstored  so^^^^^^^^
waT;  '7  '™f  7'  ^Wbution  relaHve  to  crop  dLlopmental  st^h^o  pr",

midity)  and  irrigahon  or  other  water  supplements.  Greater  yields  are  generall,
obtamed  with  greater  moisture  availability  (Rhoads  and  Bennett  1990)  -^ZS



Summer 2002 JOURNAL  OF  ETHNOBIOLOGY 17

nCURE 3.— Runoff components: a) runoff
field with storm runoff;  c) sediments depo;
hill.

sediments washed into
debris caught by maize

ture
amined

Rain  was  sufficient  to  generate  two  runoff  events  at  the  Pescado  and  Nutria
three  at  the  Elk  field,  and  two

storms,  muddy  roads  prevented  field  access  to  check  for  runoff).  After  each  runoff
event,  an  assortment  of  debris  was  observed  on  the  field.  Storm  runoff  water
washes  sediments  and  organic  materials  in  various  stages  of  decomposition  mto
fields  from  upslope;  such  materials  often  accumulate  around  the  bases  of  maize
hills  (Fieure  3).  The  frequency  of  summer

such
and two

Runoff  amount  and  frequency  is  a  hmction
amount  and  intensity  of  the  rainstorm,  slope,  soil  permeability  type  and  density
of  vegetative  cover,  surface  litter  or  stones,  and  antecedent  soil  moisture  (Shreve
1934)  In  arid  regions,  smaller  watersheds  have  a  greater  frequency  of  runoff
events  and  greater  mnoff  yield  per  unit  area  (Osborn  and  Renard  1970)_  The
number  of  mnoff  events  observed  in  1998  in  these  fields  is  consistent  with  the
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runoff  frequency  in
smaller

more  freauent  runoff
The

watershed,  however,  is  reduced  by  a  road  perpendicular  to  the  slope,  about  100
m  above  the  field;  the  road  interrupts  storm  flows  from  upslope,  channeling  rim-
off  away  from  the  field.  Elk  field  is  situated  at  the  confluence  of  multiple  ephem-
eral  waterways  near  the  base  of  a  mesa,  increasing  its  opportunity  for  runoff.
Runoff  events  at  Bear  Canyon  had  sufficient  volume  and  velocity  to  cause  some

dama //

farmers
American  farmers,  traditionally  hilled  or  pushed  soil  up  around

structural
Will  and

Wilson  1987:26).  Although  hilling  was  observed  in  some
in  this  study  did  not  routinely  hill  because  of  time  cons

farmer
installed  earthen  berms  and  brush  and  rock  barriers  in  the  Bear  Canyon  field.
The  other  three  fields  in  this

cultivated
fields.  Traditionally,  runoff  was  actively  managed  with  control  structures  to  keep
large  debris  off  the  field,  to  slow  water  to  promote  infiltration,  and  to  reduce
erosion  and  plant  washouts  (Brandt  1995;  Cushing  1974;  Ferguson  and  Hart  1985;
Kintigh  1985;  Norton  and  Laahty  1999).

Direct  rain,  together  with  storm  floodwaters,  apparently  provided  adequate
water  to  support  the  crop  in  the  Elk  and  Bear  Canyon  fields;  maize  plants  in  these
fields  exhibited  mild  wilting  for  only  brief  intervals.  Nutria  and  Pescado  fields
showed  water-deficit  stress  symptoms  more  often  and  for  longer  durations,  ap-
parently  because  of  less  water  and  greater  interplant  and  /or  weed  competition;
the  Nutria  field  had  a  relatively  high  plant  population  density,  and  both  fields
had  greater  weed  pressure  than  the  other  fields.

Production  Practices,—  Crop  management  today  is  commonly  determined  by  avail-
ability  of  time,  equipment,  and  transportation  to  the  fields  (Brandt  1992;  Mano-
lescu  1994).  Each  of  the  fields  is  at  least  30  km  from  the  Pueblo  of  Zuni,  where
the  farmers  reside.  Maize  production  is  important  to  these  farmers,  but  it  is  not
their  main  economic  activity.  As  a  result,  production  practices  varied  somewhat
among  farmers  and  fields,  with  some  fields  receiving  more  attention  than  others.
One  of  the  main  objectives  of  cropping  the  Pescado  field  was  to  retain  use  rights

harvest;  management
harvestine.  The

obtain
communitv  members

and  because  farming  is  enjoyable.
Maize  cultivars.  Farmers  in  this  study  usually  produce  at  least  two  Zuni

varieties  of  open-pollinated  maize;  these  cultivars  have  a  mix  of  flinty  and  fl<
endosperms.  Farmers  define  maize  type  based  on  kernel  color  Both  white
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blue  maize  were  produced  ir\  each  of  the  four  fields;  these  are  the  most  common
types  grown  at  Zuni  (Bohrer  1960;  Brandt  1992;  Manolescu  1994).  Zuni  red  maize
and  sweet  corn  were  also  planted  in  the  Pescado  field.

Farmers  report  that  the  type  and  amount  of  maize  they  plant  depends  on
need.  Grain  is  used  for  direct  human  consumption,  ceremony  and  seed;  vegeta-
.-;,,  — ^^t-^  r^r-r^  ^^caA f^t-  iiT7ocfn/-l'  fr,r\r\(^r  T  iVp mn'it  7imi  farmers,  these farmers

from

members.  Some
American  communities
Zuni  households  surveyed  grow  Zuni  folk  varieties  of  maize  (Brandt  1992);  these

commercial  varieties  or  those
tained  from  the  Rio  Grande  pueblos  in  central  New  Mexico.

Different  maize  types  were  sown  in  different  parts  of  each  of  the  fields  mon-
itored.  Sweet  corn  was  planted  in  the  center  of  the  Pescado  field  to  "hide"  it  from
the  elk  and  other  herbivores.  Planting  the  maize  types  separately  in  a  field  is  a
matter
maize  tvpes  a  problem  because  the  types  "do  not  mix/'  we  observed

which

pollination  among  cultivars.
planted  between  13  May  and  1  Ji

These  farmers  prefer  to  plant  earlier,  as  early  as  temperatures  permit,  and  con-
sider  early  June  to  be  the  latest  for  planting  maize.  Other  farmers  also  report  that
planting  occurs  as  early  as  mid-April  and  should  be  complete  before  June  (Man-
olescu  1994).  During  the  late  nineteenth  century,  Zuni  commonly  planted  in  May
(Gushing  1974:174).  Temperahire  and  water-deficits  are  the  main  production  con-
straints  at  Zuni  and  throughout  the  southwestern  U.S.  Planting  as  early  as  tem-
peratures  permit  increases  the  likelihood  of  sufficient  moishire  availability  for
germination  and  emergence,  and  attainment  of  crop  maturity  before  fall  frost.

Cold  temperatures  delimit  the  growing  season  at  Zuni.  In  the  eastern  part  of
the  reservation,  the  growing  season  ordinarily  extends  from  late  April  or  early
May  through  late  September  or  early  October.  The  temperature  range  for  normal

erowth  is  approximately  8  or  10  to  40°C,  with  optimum  growth  occurring
Tt  SO-^C  assuming  water  is  not  limiting  (Shaw  1988).  Maize  usually  survives

maize

ambient  temperatures  between injury
extreme.  Although  temperatures

spring  temperatures  at  Zuni  are  often  cool  and  early  summer  frosts  are  not  un-
common  at  these  elevations  (about  2000  to  2150  m).  Frost  occurred  m  the  Nutria
farming  district  as  late  as  July  1  in  1997  and  June  19  in  1998,  causmg  some  hssue
damaee  but  not  plant  death.  ^  n  j

Mean  daily  air  temperature  for  the  1998  growmg  season  at  the  controlled
experiment  field  located  in  the  Bear  Canyon  area  was  relatively  cool,  m8°C,  sea-
son  mean  daily  maximum  and  minimum  temperatures  were  27.3  and  6.4  C  re-
spectively.  May  through  September  mean  temperature  at  Blackrock  is  18.6  C  (Km-
tigh  1985).  Maize  generally  requires  a  summer  average  mimmum  temperature
greater  than  13°C  (Shaw  1988).  Because  of  frequent  exposure  to  cool  temperatures
over  generations,  Zuni  maize  has  likely  evolved  mechanisms  that  confer  cold  tol-
erance;  cold  tolerance  of  these  cultivars  has  not  been  documented.
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and pumpkin
terspersed randomly in the Bear Canyon field; pinto bean was planted in one of the "cir
cles" of the Pescado field. Not to scale.

tern

the

peratures  slowing  and  warmer  temperatures  hastening  growth  and  development.
Depending  on  temperature  fluctuations,  the  number  of  days  needed  to  attain  ma-
hirity  can  vary  widely  from  year  to  year.  The  cultivars  produced  in  this  study

?d  about  125  days  to  attain  maturity.  Although  Zuni  blue  maize  produced
experimental  fields  has  a  reputed  maturity  range  of  95  to  120  days,  nearly

130  days  from  planting  was  required  to  reach  maturity  in  1998  (Muenchrath,
unpublished  data).  Cool  soil  temperatures  at  planting  may  have  hindered  ger-
mination  and  emergence,  and  the  relatively  cool  air  temperatures  likely  slowed
developmental  processes  and  delayed  maturity.  Hopi  maize,  adapted  to  north-
eastern  Arizona  and  commonly  traded  with  Zuni,  matures  in  115  to  130  days
(Brad  field  1971).  ^

AU  four  fields  were  prepared  for  planting  by  plowing.  The  Pescado  field  was
disked  after  plowing,  creating  a  rough  seedbed  with  many  large  clods.  While
disking,  the  driver  planted  seed  by  dropping  two  to  three  kernels  at  a  time  from
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TABLE 4. — Production practices as reported by farmers or measured. Bear Canyon, Nutria,
and Elk fields are managed by a single extended family; Pescado field is managed by two
other farmers.

Field name

Bear Canyon
Nutria
Elk
Pescado

Seeds
Hill spacing.

Planting
date
1998

Zuni maize
(seed color or type)

Planting per hill
depth  (num-

planted  ^^'"V'.^;  ,t  .1,  approx.  equidistant

(cm) ber)
Stated

(m)
Actual

(m)

June 1
May 15
May 13
May 25

blue and white
blue and white
blue and white
blue, white, red,

and sweet

15
15

15-20
15-30

4
4
4

2-3

1.5 to 2.5'
1.5 to 2.51
1.5 to 2.51

Unsure

1.3
0.6
1.1
3.7

1Farmers reported hill spacing as "3 to 4 steps/' a distance estimated to be equivalent to about 1 .5
to 2.5 m.
' Actual hill spacing calculated from mean hill density per plot.

innine  in
changed

The
ping  about  four  seeds  together  into  the  furrow  opened  during  the  previous  pass
of  the  plow  and  adjacent  to  the  tractor.  In  the  Nutria  field,  people  walking  behind
the  tractor  hand  planted  maize,  usually  placing  four  kernels  together  into  the  side
or  bottom  of  the  furrow,  wherever  the  soil  seemed  "softer."  Seed  is  covered  as
the  next  furrow  is  plowed.  Nutria  and  Elk  fields  were  harrowed  the  day  after
plowing  and  planting  to  break  up  soil  clods,  to  better  cover  seed,  and  to  smooth
the  field  surface;  the  farmer  was  unable  to  get  to  the  Bear  Canyon  field  to  harrow
it.  Other  Zuni  farmers  use  similar  field  preparation  and  planting  practices,  sowing
two  to  five  seeds  per  cluster  (Manolescu  1994).

maize
in the

pproach  conserves
volume  opened  and  exposed  to  the  dry,  windy  conditions  (Ford  1985).  Soil  mois-
hire  accumulated  during  the  winter  is  relied  on  for  germination  and  seedling
establishment.  Zuni  springs  are  usually  dry  and  windy,  reducing  moisture  avail-
ability  as  the  season  progresses  until  the  summer  rains  arrive,  usually  in  July.
Gushing  (1974:181)  wrote  that  the  ".  .  .  country  of  the  Zunis  is  so  dry  that  the
seeds  have  to  be  planted  to  great  depths—  even  at  the  expense  of  great  delay  in
their  growth,"  usually  at  about  10  to  18  cm;  12  to  20  kernels  were  planted  m  each
hole  in  Dart,  because  it  was  expected  that  some  would  not  emerge  successfully

Collins  (1914:299)  notes  that // .  there  is  no  fixed  depth  for  planting,  the  custom

being  to  plant  deep  enough  to  place  the  seed  m  moist  soil,  commo
cm

planting
fields  were  plowed  to  depths  of  15  to  40  cm  and  seed  planted  at  15  to  30  cm  in
this  study  (Table  4).  Manolescu  (1994)  reports  that  8  to  20  cm  is  the  common
planting  depth  used  at  Zuni  today.  .  ,  ,

Seeds  will  not  germinate  in  dry  soil.  Thus,  farmers  are  reluctant  to  nsk  seed
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TABLE 5. — Mean plants per hill, hills per plot, and estimated plants per plot and resulting
plant population density. Standard error indicates the variability among plots within field.

Estimated^
Plants  per  hill  Hills  per  plot  plants  per  plot

Estimated^
population density

(plants /ha)
Field name Mean SE Mean SE Mean SE Mean SE

Bear Canyon
Nutria
Elk
Pescado
Across Fields:

1.9
2.4
2.0
1.1
1.9

0.2
0.2
0.2
0.1
0.1

10.5
18.4
11.1
6.1

11.5

0.7
2.9
0.9
1.1
1.1

20.7
45.6
23.5

6.7
24.1

3.1
8.2
3.6
1.1
3.2

8,288
18,248
9,384
2,680
9,650

1,229
3,298
1,422

448
1,281

1 Calculated with the formula: Estimated plants/plot = [(mean number of plants in 5 random hills/
plot)(hills/pIot)].
== Calculated from the mean of 10 plots in each field: Estimated field population density = [(mean
estimated number of plants/plot)(25 mVplot)(10,000 mVha)].

if  conditions  are  dry.  Planting  decisions  are  often  dependent  on  spring  soil  mois-
ture;  some  Zuni  farmers  assess  soil  moisture  conditions  in  March  by  digging  a
test  hole  in  the  field  (Carol  Brandt,  personal  communication  2001^).  When  soil
conditions  are  dry  in  the  plow  zone,  the  farmers  in  our  study  sometimes  soak
seed  overnight  to  two  days  in  spring  water  to  hasten  germination.  Seed  were
soaked  before  planting  at  the  Elk  and  Nutria  fields  in  1998.  Soaking  seed  before

sign

study,
menti

(Manolescu  1994).  Neithery^nr7A\  f-  r—  ^"-a  •^^  x^iciiivciy  Idle  vivianoiescu  ivv4j.  iNeitner  <^usning
(1974)  nor  Collins  (1914)  report  that  Zuni  traditionaUy  soaked  seed  before  plant-
ing.

In  addifion  to  moisture  availability,  deep  planting  (greater  than  the  5  cm
commonly  used  m  commercial  maize  production  systems)  may  provide  other
benefits  to  the  crop.  Deep  planting  can  extend  the  growing  season  in  the  spring.
Because  the  sensitive  growing  point,  or  meristematic  region,  where  cells  are  ac-
fively  dividmg  remains  underground  longer  when  planted  deeply,  the  plant  is
better  Drotected  from  Inf^  ct^ri^^.^  ^^^^i..  at  \  .  ^  I'  .  ^  .

ground  tissues  may
pointi;u^^  T\  1  ..  ,  .  ---v.vtx  a:y  luiig  db  me  erowine  point  is  not

k,l  ed.  Deep  planting  also  likely  reduces  bird  predation  of  Ldlings  and  better
anchors  plants  a^ainisi-  wind  ^r,^  ,..-,^1  —  i.  i  .  ..  ^  '

storm runoff.
abo,^ThTp  7T  P'.'^  ™'^'  P'^"""S^  "  "WUs"  ro"SHy  equidistantly,
ttte  ntl°r:r::,^Pl';  "?„!:!»'  -"!^  *^  *"'"«->  'pacing  used  4

(

cenmiy  (Cushing  1974);  this  distance  is  estimated  .,.
o  2.5  m.  Achial  row  spacing  in  farmers'  fields  avPr;,apH  1.7  m

(Manolescu
from

^^'::^  ::f^i::!^^:^  ^^-f^  ,  -'^-*=)-  -c  s<juasb  (c„c„.
bila  maxima)  seeds  were  broadra^rnl^Z^  u  7,  ""'^""'^J'  ^"^  ^^^^  V-"'"'
The  farn  J  manalTl^rr  !  L??'!^'  '^"^.^"t^^  ^^  Bear  Canyon  fields

'  -  .  ^  '  ---/  ^^^^  ^ir^  iitfius  oiten  m^
with  maize,  as  do  other  Zuni  farmers  (Manolescu Man
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agers  of  the  Pescado  field,  however,  stated  that  they  do  not  grow  watermelon  and
squash  in  their  field  because  these  crops  require  too  much  water.

Weed  and  pest  management.  Although  these  farmers  know  that  weeds  can
compete  with  the  crop  for  water  and  nutrients,  weed  management  is  a  low  pri-
ority.  No  apparent  attempt  was  made  to  control  weeds  in  the  Pescado  field.  As  a
result,  the  Pescado  field  exhibited  severe  weed  pressure,  with  pigweed  {Amaran-
thus  spp.),  ragweed  {Ambrosia  spp.),  nightshade  {Solanum  spp.),  and  wild  sunflow-
er  {Helianthus  annuus  L.)  as  the  common  weed  species  present.  These  farmers  were
not  concerned  about  the  weeds,  and  commented  that  sunflowers  "disguise"  the

maize
(Manolescu

hand  pulling  of  weeds  was  done  as  time  and  transportation  to  the  fields  permit-
number

weeds  are  hoed,  soil  was  sometimes  pushed  up  around  the  base  of  maize  hills
to  provide  additional  support  for  crop  standability  against  floodwaters  and  wind.
Elk  and  Bear  Canyon  fields  had  minimal  weeds,  whereas  Nutria  field  exhibited
moderate  weed  pressure  throughout  the  summer.  The  greater  weed  pressure  at
the  Nutria  field  likely  resulted  from  a  greater  accumulation  of  weed  seeds  over

more
Weeds

or  Russian  thistle  {Salsola  Mi),  and  field  bindweed  {Convolvulus  arvensis  L.);  bind-
weed  was  particularly  prevalent  in  the  lower  quarter  of  the  field  where  cattle
more  frequently  graze  after  harvests.  Maize  in  weedy  sections  of  fields  tended  to
be  somewhat  shorter  and  wilt  more  readily  than  in  areas  or  fields  having  fewer
weeds,  indicating  that  weeds  competed  with  maize  for  available  water.

Farmers  report  that  elk  {Cervus  elaphus)  and  raven  {Corvus  corax,  commonly
called  "crows"  by  the  Zuni)  are  major  maize  pests  and  difficult  to  control.  Some
attempt  was  made  to  keep  elk  out  of  the  Elk  field  (so  named  because  of  the
prevalence  of  elk  in  and  around  the  field)  by  placing  large  logs  and  brush  across
game  trails  leading  into  the  field.  These  measures  seemed  to  be  ineffective.  Inter-
estingly  elk  did  not  graze  on  or  trample  maize  in  plots  delineated  by  flaggmg
tape  in  'the  Elk  or  other  fields,  whereas  plants  in  plots  outlined  with  string  or
outside  the  plots  in  the  same  fields  were  damaged  by  elk.  Similarly,  flagging  tape
woven  through  the  top  wire  of  fencing  effectively  reduces  the  incidence  of  elk
breakine  through  or  going  over  fencing  in  Colorado  (McAndrews  2001).

Ravens
oping  ears.  Scarecrows  are  sometimes  placed  m  tields  m  attempt
fKo  r^.rotnc  TraHiHonallv.  these  birds  were  trapped,  killed,  and

186-187)

IV)
the  strings.  Although  scarecrows  and  dead  ravens  were  obsen^ed  m  other  Zum
fields,  these  were  not  erected  in  any  of  the  fields  in  this  shidy.  However  in  an
effort  to  reduce  raven  damage  to  developing  ears,  farmers  managmg  the  Elk  field
strung  fishing  line  above  the  maize  plants  between  pinyon  and  juniper  trees  and
poles  made  f?om  tree  branches.  TT^ey  had  observed  this  rnethod  at  the  controlled
experiment  fields  of  the  larger  agroecology  study  and  decided  to  test  it  thern-
selves  Because  the  method  effectively  deterred  raven  damage  m  their  field,  these



24 MUENCHRATH  et  al.  Vol.  22,  No.  1

rmers  indicated  that  they  would  use  this  approach
their  oroduction  systems  are

Insects,  pathogens,  and
ers  in  this  study  as  important  pests.  Farmers  surveyed  by  Brandt  (1992)  and  Man

small  animals
(Mi

Measured
Plant  population  densit}^  varied  widely  among  fields

planting  information  provided  by  the  farmers.  With
nels  sown  per  hill  and  hills  spaced  roughly  1,5  to  2.5  m  apart  equidistantly,  a

density  of  6,400  to  18,000  plants/h

hill,  germination
density

density  in  these  fields  was  11,973  plants/h

unit  land  area.  The
population  density  of  the  Nutria  field  resulted  from  its  greater  number  of  hills
per  plot,  60%  greater  than  in  the  other  fields,  and  nearly  double  the  mean  number
of  plants  per  plot  of  the  four  fields.  Poor  seedbed  quality,  together  with  the  fewer
kernels  sown  per  hill,  likely  account  for  the  relatively  sparse  population  density
of  the  Pescado  field;  good  seed-soil  contact  is  essential  for  seed  uptake  of  soil
moisture  for  germination.

Plant  density  among  plots  within  each  field  was  also  highly  variable,  indi-
cating  uneven  hill  and  /or  kernel  distribution,  and  /or  variable  germination  and
stand  establishment  success.  The  difference  between  the  planted  population  and
actual  stand  suggests  that  emergence  among  the  four  fields  was  about  50%,  sim-
ilar  to  the  emergence  success  (53%)  of  Zuni  maize  observed  in  the  controlled
experiment  fields  (Muenchrath,  unpublished  data).  Lack  of  moisture,  cool  soil  tem-
perature,  poor  seed  quality  and  soil  mechanical  resistance  can  impede  germina-
tion  and  emergence.  Although  the  plant  stand  is  also  sometimes  reduced  by  pre-
dation  of  seedlings,  farmers  in  this  shidy  did  not  comment  on  any  early-season
predation  and  expressed  general  satisfaction  with  their  stands  at  mid-summer.

Harvest.  Farmers  reported  that  harvest  normally  occurs  in  late  September  or
early  October,  depending  on  crop  maturity,  frost,  and  time,  labor  and  transpor-
tation  availabihty.  Mature  ears  and  those  judged  sufficiently  mature  by  the  farm-
^"■^'^^ll^ff  ^*  ^^^  "^'^^  ^^^8^  (or  approximately  R3  in  the  staeine  svstem  of  Ritchie

stubble
immature

r"
—Grain  yield  varied  among  fields,  averaging  572.4  kg/ha  (±  180.7)

l<g/h

harvestable  grain.  Its  rough  seedbed,  poor
and  predation  by  elk  resulted  in  few  maize
i  season.  Grain  yield  across  the  other  three
),  similar  to  the  750  kg  /ha  reported  as  the
s  in  the  late  nineteenth  century  (Scott  1893).

mean  yield  of  561.2  ke/ha  (±  105.7);
ursiXrcr^T'  ™™"  "^"^  *-  *^'  ^^-^'^  --sed  eis,  ^/^
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TABLE  6.-Grain  yield  per  plot,  per  Pl^t,  and  per  hectare  and  n^^^^^^^^
^^.^  J.W.  ^  Standard
Plots in the Pescado field produced no grain.

Field name

Bear Canyon
Nutria
Elk
Pescado
Across Fields:

Grain  yield  Calculated  grain«  1  ■  IBper plot
(g/plot)

Mean SE

631
490

4,603

1,430

199
56

1,407

452

yield per plant
(g/ plant)

Mean SE

38.0
14.3

214.4
0.0

66.7

10.5
2.9

64.9
0.0

21.0

Estimated field
grain yield

(kg /ha)
Mean SE

252.2
196.1

1,841.2
0.0

572.4

79.5
22.2

562.7
0.0

180.7

Ears per plant
Mean SE

1.4
0.7
2.5
0.0
1.1

0.4
0.1
0.3
0.0
0.2

maize
Mean  yield  of  the  four  Zun
kg  /ha)  of  35  Hopi  fields  sa
normal  at  Hopi  (Manolescu

/ha
Sim

odham  "60  day"  maize  grown  under  a  range  of  moisture

in  central  New  Mexico
and  510  (
customari

/h

/ha  in  1993  (Muenchrath  1995);  Tohono  O'odham

cated  west  of  Tucson,  Arizona  in  the  Sonoran  Desert.
Mean

Vieia  or  me  Elk  field  (1841  kg/ha)  exceeds,  the  general  productivity  of  umm-
proved  open-pollinated  cultivars.  Before  the  early  1930s  and  widespread  adoption
proveu  op  F  ;^^rovPrl  inbred  lines,  national  U.S.  maize  yield  av-

/ha
modem
Southern  Great  Plains  typically  yield  3000  to  4000  kg/ha
whereas  maize  grown  in  the  more  humid  US.  Corn  Belt  (1
Minnesota,  and  Nebraska)  yields  about  8200  kg/ha  (calcula

immercial
plants  /ha,  fertilizer  amendments

\ ?■  M  ^=.  :;^u,  -MS  ^^^rzr^-^^

maturity
Conapetition

&?pXrder:u  r^r^derate  weed  V^^^^  ^^IJ^
li  JZ.-.  field.  Despite  si-H-  ina«en  .on  E^^^^^^^^^

most  grain.  The
.i^lLrweed  'ire««;n,  U,y  planting,  n^ultip.e  and  timely  runo«

historyand  short  tieia  croppu  g  iu:,.^^  ---  jgny-  i^ck  of  previous  culHvation  may
has  no  evidence  of  cultivation  prior  to  1997  lack  ot  p  e  ^^^^y

minimal
account  tor  ttie  "7™/  ""'"  r^he  .ame  crop  repeatedly  often  build  up  dot-
apparent  pests.  F«V  ^  ^r  r„LHms  and  extended  fallow  periods  can  di-
rimental  pest  populations.  C"P  °  *'^"^,f™,!  ,  (1994)  noted  similar  trends
minish such  pest  problems.  Manolescu  (1994)  noted  similar
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period.
density,  weed  pressure,  planting  date,  and

high
minimal  weed  pressure  and  were  planted  in  mid-Ma}^  Elk  field,  hovve\'er,  ]
duced  45%  more  grain  relative  to  those  experimental  areas  that  received  ru
plus  its  sediments  and  organic  debris^  (1307  kg/ha  in  1997  and  1288  kg/h
1998  at  population  densities  of  14,222  and  12,889  plants/ha,  respectively)  (Mi
chrath,  unpublished  data).  These  yield  differences  may  be  due  to  the  amount

runoff  was  applied  from  three  runoff
In  the  exDerimental

August  1997,  and  from  a  single  event  in  early  August  1998.  Elk  field  had  three
documented  runoff  events:  in  early  July  late  July  and  early  August.  The  Elk  field
runoff  events  were  ideally  timed,  shortly  preceding  and  coinciding  with  the  sen-
sitive  flowermg  stage;  the  four  week  period  bracketing  silk  emergence  is  the  most
iQQ*l?  Tu"^^  "^  *^^  determination  of  grain  yield  (Denmead  and  Shaw  1960;  Shaw
iy«8).  The  coarser  surface  soil  texture  of  Elk  field  may  be  a  contributing  factor.

The

vater  mnitration  and  retention.  The  high  grain  yi
to  the  1998  mean  yield  across  all  treatments  at  the
(Muenchrath,  unoublishpd  Haf-3^

ry  .  .  '  "v.x„,  xiwvvcvci,  lb  itbtj  man  me  run  yield  potennai  or
Zuni  maize.  Elk  field  produced  less  than  half  of  the  best  yield  obtained  in  the
contro  led  experiment  fields,  3829  kg/ha,  which  was  produced  in  1997  with  syn-
nntr  tlTX  ^^  "PP^i^^tions  of  irrigation  water  as  needed  (Muenchrath,  un-
published  data).  The  higher  yield  of  this  treatment  is  attributable  to  additional
^^1  aTv,  i5r^?^  '^^''^^"  ^^^^  "^"'^  ^^^  irrigation,  rather  than  to  nutrient
inputs.  Although  paf  P  t^v  fl.^,Ar^^;«^  ,..^„  ^_.__.  _..,..  .,.

treatment
amone  treatmentscy^^  ^f  fK^  •  y  r'  .7  ^^yv^v  diiiung  treatments.  I'rior  to  ly^/,

X:  wh  r  rrr  ^^"^^  'f^-.  f-  f-  '°  -en  year,  and  the

important  to  maintain
coeSnT*  °1*'  f™'?^  "'''*'''  §"'"  >'"='''  ™«"S  Plote  varied  widely.  The
^i^P^ulrtZ  r;  Lfl^,?riP'°*^  -^^^  -raged  ■HA.L  the

in the

cu  W  type,  o-.etween  ^^  :Sl^:S:::^^T-^^

plot  wa*Zt  rMrlllSi'P^"'  K^  --P-nt  of  yield,  grain

four  fields,  and  r number

The

0.60  across  all
me  mree  productive  fields),  indicating  that  many
irren.  Mean  number  of  ears/plant,  1.1  (±  0.2),  was
experimental  fields,  2.1  ears/plant  (Muenchrath,

derate  P-rain  ^rioi^  ^  ^^"^^^  "^  "-^e  JtiK  neld,  tot
dei^ity  XTj^r,  ""t  'Tf"^  '"  ^^  y'^'ds  with  a  .nodes
r..^i  ^v.?.'  !''*^"  y  ^'&^  density  and  weeds  in  the  Nutria

The  number
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vestable  ears  per  plot  also  varied  among  fields  and  among  plots  within  fields,
averaging  33.7  ears/plot  (±  3.5)  or  an  estimated  10,120  ears/ha  (±  1530)  across

ty
likelihood  of  barrenness  in  stressful  environments

ments  yield  under  more  favorable  conditions  (Hallauer  and  I  royer  IWZ).
Yield  reflects  the  compounded,  cumulative  effects  of  growth  and  development

in  response  to  management  and  the  environment  over  the  entire  growing  season.
Grain  yield  derives  from  several  components:  the  number  of  plants  per  unit  land
area,  number  of  ears  per  plant,  number  of  kernels  per  ear,  and  weight  per  kernel.
Temperature,  water,  nutrient,  pests,  or  other  stresses  can  cause  reduced  emergence
and  plant  stand,  development  of  fewer  ears  or  ovules,  poor  pollination  and  bar-
rermess,  and  /or  restricted  grain  fill,  limiting  ultimate  yield.  The  impact  of  a  stress
depends  on  the  prior  condition  of  the  crop  and  the  severity,  timing,  and  duration
of  the  stress.  Various  stressors  influenced  the  productivity  of  these  farmers'  fields.

CONCLUSIONS

While  nnaintainin
farmers  adapt  and  innovate  in  response  to  their  dynamic  environment.  Zuni  farm-
ers  continue  to  select  field  sites  that  are  likely  to  have  a  sufficiently  long  growing
season  and  receive  runoff  flows,  exhibit  desirable  soil  texture  and  native  vegeta-
tion  qualities,  and  where  they  have  use  rights.  At  Zuni,  temperature  and  precip-
itation  are  highly  variable  from  place  to  place,  '  even  within  the  same  farming
district,  and  from  year  to  year.  Although  the  production  practices  observed  in  this
study  varied  somewhat  among  fields,  management  differences  do  not  appear  to
be  directly  related  to  environmental  differences  among  the  fields.  Nevertheless,

think
chances  of  obtaining  some  successful  production.  The
-m  of  fields  situated  in  many  different  niches  likely  c

tantly  to  the  long-term  agricultural  stability
munities

Yield  varied  widely  among  the  farmers'  fields,  including  among  the  three
managed  by  a  single  farmer  and  his  family.  Yield  differences  are  attributed  to

and

history  and  seasonal  environmental  factors.  Because  moisture  and  nutrients  were
generally  adequate  in  these  farmers'  fields,  planting  date  and  weed  pressure  !iT<ely

With

peratur
more

The  level  of  mana
however,  is  restricted  by  availability  of  time,  labor,  equipment,  and  transportation.

Zuni
-■  the  cultural  value  and  tradition  of  maize  and  farming  in  Zuni  Ufe  (Clevela

al  1995-  Manolescu  1994).  Challenges  faced  by  individual  Zuni  and  tribal
.rts  such'as  the  Zuni  Sustainable  Agriculture  Program,  to  sustain  agriculture
lif^ay  and  economic  activity  parallel  those  in  other  sectors  of  U.S.  agncultu
■here  farmers  also  increasingly  struggle  with  the  competing  time  and  rcsoui
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necessary  off-farm
1995;  Heller  and  Keoleian  2000;  Hoppe  et  aL  2001).

function,  structure,  and  longevity
runoff  aericultural

term

research
multidisciplinary

NOTES

'  Carl  S.  White,  Dept  of  Biology,  University  of  New  Mexico,  Albuquerque.

2 Carol  Brandt,  New Mexico Alliance for Graduate Education & the Professoriate,  Office of
Graduate Studies, University of New Mexico, Albuquerque.

3 Treatments in the controlled cropping experiment of the larger agroecology study tested
the effects of different runoff components on maize productivity, specifically the effects of
moisture  and  nutrients  delivered  by  storm  flows.  Treatments  were  randomly  assigned  to
plots m each field in a complete, randomized block design, with three replications in each
field. The five treatments were

I
Rainfed — Direct rain only;
Runoff  water-Liquid  portion  of  runoff  (water  plus  dissolved  and  suspended  com-
ponents)  applied  within  2  to  7  days  of  runoff  event  from  the  "  ^
above the field;

catchment

Runoff  with  sediments-Liquid  and  solid  runoff  components  (water,  solutes,  organ-

ume and timing;
Irrigation water
plication volume and timing; and

sediments) applied to match the above treatment

match

L-r.gation  water  with  fertilizer-Irrigation  water  plus  synthetic  N  and  P  applied  as
N/hf  J.^l"X'^  '"^f^  water-deficit  stress.  First  application  contained  101  kg
fertm.Pr  1  ^  y  .'^1*'  ^'"*  application  added  77  kg  N/ha,  for  total  seasonal
M  zer  application  of  178,  36,  and  kg/ha  N,  P,  and  K%espe  tively;  K  was  not

ovemi

from  bird  predation  ^  ^  ^''''''  '^^  *°P  °^  ^^e  field  protected  the  crop
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