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Abstract

The effectiveness, economic efficiency, and environmental impact of pest management practices was compared in
conventional, low-input, and organic processing tomato and field corn systems in northern California. Pests, including
arthropods, weeds, pathogens, and nematodes, were monitored over an 8-year period. Although both crops responded
agronomically to the production-system treatments, arthropods, pathogens, and nematodes were found to play a relatively
small role in influencing yields. In contrast, weed abundance was negatively correlated with tomato and corn yields and
appeared to partialy account for lower yields in the alternative systems compared to the conventional systems. Lower
pesticide use in the organic and low-input systems resulted in considerably less potential environmental impact but the
economic feasibility of reducing pesticide use differed dramatically between the two crops. The performances of the organic
and low-input systems indicate that pesticide use could be reduced by 50% or more in corn with little or no yield reduction.
Furthermore, the substitution of mechanical cultivation for herbicide applications in corn could reduce pest management
costs. By contrast, pesticide reductions in tomato would be economically costly due to the dependence on hand hoeing as a
substitution for herbicides. Based on the performance of the low-input and organic tomato systems, a 50% pesticide
reduction would increase average pest management costs by 50%. © 1998 Elsevier Science B.V.

Keywords: Tomato; Corn; Pest management; Organic agriculture; Low-input agriculture; Pesticide use; Environmental impact; Economic
impact
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fact, reduction in pesticide use has become a govern-
ment-mandated policy in some countries and
provinces (Jansma et al., 1993; Pettersson, 1993;
Surgeoner and Roberts, 1993; Matteson, 1995). Al-
though there is no national policy for pesticide re-
duction in the United States, the federal government
has set a goal to bring 75% of agricultural land under
integrated pest management (IPM) by the year 2000
(Benbrook et al., 1996). In addition, voluntary pesti-
cide reduction programs have been initiated at the
state and regional levels by government institutions
and non-governmental organizations (Matteson,
1995). Despite the use of approximately 320 million
kg of pesticides annually, current pre-harvest crop
losses to pests (including arthropods, weeds, dis-
eases, and nematodes) in the United States are esti-
mated to be about 37% of the maximum potential
yield. Although an estimated 10% additional loss
would be incurred if no pesticides were used, spe-
cific crop losses would range widely; being negligi-
ble for some crops and disastrous for others (Pimen-
tel et al., 1993a).

In conventional agriculture, the decision to use a
pesticide is generally based on its effectiveness
against particular pests, application costs, the eco-
nomic value of the crop, and the relative risks to the
crop of using the pesticide (phytotoxicity, resistance,
etc.) versus not using it (pest outbreak, damage,
yield reduction) (van der Werf, 1996). With high-
value crops growers may be more inclined to use
pesticides as ‘insurance’ even when pest populations
are below economically damaging levels. Moreover,
farmers may be directly or indirectly encouraged to
apply pesticides by fieldmen working for agrochemi-
cal distributors or by strict cosmetic standards set by
wholesalers, processors, or distributors (Pimentel et
al., 1993b; Olkowski and Olkowski, 1996). The po-
tential environment and health hazards associated
with pesticide use are considered less often than
direct economic benefit or risk reduction by those
who make pesticide use decisions (Pimentel et al.,
1993c). By contrast, a principal aim of low-input and
organic agriculture is to avoid environmental degra-
dation and health risks by reducing or eliminating
the use of synthetic chemical pesticides.

Clearly, there is a need to have precise informa-
tion on the productivity benefits from pesticides as
well as the economic and environmental conse-

guences of pesticide use reductions. Estimating crop
loss solely based on data from control treatments in
pesticide trials is misleading because the controls
differ from the conventionally-managed treatments
only by the absence of a single pesticide or class of
pesticides, with all other management aspects re-
maining constant. In reality, however, farmers using
fewer or no synthetic chemical inputs generally sub-
gtitute alternative management methods for pesti-
cides. Furthermore, non-chemical or low-chemical
systems may differ from conventionally-managed
systems in a wide array of ecological characteristics
which may influence pests directly or indirectly
(Drinkwater et al., 1995).

In a review of conventional and alternative pest
management practices for major crops in the USA,
Pimentel et al. (1993a) concluded that, with some
additional cost, pesticide use could be reduced sub-
stantialy in tomato and corn production. They esti-
mated that herbicide use in corn could be reduced by
50% if herbicide applications were replaced with
mechanical cultivation and crop rotation, and that
insecticide use could be reduced by 80% with crop
rotation and resistant varieties. Although they found
no increase in weed management costs, the costs of
insect management were calculated to increase by
greater than 60% where corn is grown continuously
(although this is not the case in California where
corn is always grown in rotation). Potential herbicide
reductions in tomato were estimated to be 80% by
using mechanical cultivation and wiper-application
technology. In addition, conventional insecticide use
could be reduced by 80% with pest scouting and
using Bacillus thuringiensis (Bt) and other biologi-
cal control agents. Fungicide use could be reduced
by 50% with forecasting and scouting. Estimated
cost increases for these pesticide reductions for weed,
insect, and disease management were 30%, 0%, and
10% respectively. Other analyses have come to a
wide range of conclusions concerning the feasibility
of pesticide reduction in tomato (Knutson et al.,
1994; Walgenbach and Estes, 1992; Trumble and
Alvarado-Rodriquez, 1993; Trumble et a., 1994;
Brumfield et al., 1995; Sellen et al., 1995). Most of
these studies, however, provide little insight for pes-
ticide reduction in northern California either because
of differencesin climate, pest species, pest pressures,
experimental methods, and cosmetic requirements of
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fresh-market production. Antle and Park (1986) as-
sessed the economic viability of scouting for tomato
fruit-damaging insects in the northern California and
concluded that this practice reduced average insecti-
cide use by over 20% and dlightly increased profits
by reducing fruit damage.

This paper compares pest abundance, economic
costs, and the environmental impact of conventional
systems using synthetic pesticides with alternative
systems using non-chemical and organically accept-
able pest management practices. The Sustainable
Agriculture Farming Systems (SAFS) project, an
interdisciplinary, experiment station-based study of
conventional, low-input, and organic farming sys
tems (Temple et al., 1994), provided a unique oppor-
tunity to assess the consequences of alternative pest
management practices on yield, pest abundance, and
pest management costs at the field and farm scale.
The two crops evaluated in this study, field corn,
Zea mays L., and processing tomato, Lycopersicon
lycopersicum (L.) Karst. ex Farw., differ dramati-
caly in conventional pest management practices.
Corn production accounts for over half of herbicide
use in the USA with over 90% of cropland being
treated annually. Insecticides are used on 41% of
corn area but fungicides are rarely used. Yield losses
to weeds, insects, and pathogens are estimated to be
10%, 12%, and 10% respectively (Pimentel et al.,
1993a). By contrast, processing tomato is treated
with herbicides, insecticides, and fungicides on 99%,
88%, and 64% of planted land, respectively (Davis et
al., 1996). The specific objectives were to: (1) com-
pare pest abundance levels in the systems and iden-
tify which pests or pest classes were associated with
relative yield reductions; (2) assess the relative pest
management costs in aternative and conventional
systems; and (3) compare the relative environmental
impact of pesticide use in the systems.

2. Methods
2.1. System descriptions

The Sacramento Valley has a Mediterranean cli-
mate with most rainfall occurring during the winter

months (December—March) and relatively little dur-
ing the growing season. Furrow irrigation is used for

most crop production. Total annual rainfall is typi-
cally 400-500 mm and daytime temperatures aver-
age 30-35°C during the growing season. The Sus-
tainable Agriculture Farming Systems (SAFS) Pro-
ject is located at the Agronomy Farm of the Univer-
sity of Cdlifornia at Davis (38°32'N, 121°47'W, 18
m elevation), on an 8.1 ha site on soil classified as
Reiff loam (coarse—loamy, mixed, non-acid, thermic
Mollic Xerofluvents, 36% sand, 45% silt, and 19%
clay).

The study consists of two conventional and two
aternative systems which differ primarily in crop
rotation and use of external inputs (Fig. 1). These
include 4-year rotations under conventional (Conv-4),
low-input, and organic management and a conven-
tionally-managed, 2-year rotation (Conv-2). Thethree
systems with 4-year rotations include processing
tomato, safflower, bean, and corn. In the Conv-4
treatment, beans are double-cropped with a winter
wheat crop and in the low-input and organic treat-
ments, beans typically follow a bi-culture of oats and
vetch which serves as either a cover crop or cash
crop. The Conv-2 treatment is a tomato and wheat
rotation. All crops and rotation entry points are
represented each year. The 56 plots, each 0.12 ha,
are arranged in a randomized block, split-plot design
with four replications.

Tomatoes in all farming systems were grown on
1.52 m-wide beds and furrow-irrigated throughout
this study. Planting in al systems was by direct
seeding from 1989 to 1991. However, tomato
seedlings were transplanted into the low-input and
organic systems from 1992 to 1996 in order to alow
greater cover crop growth in the spring, thereby
increasing nitrogen fixation. Tomato seedlings were
sprinkler-irrigated immediately following transplant-
ing and furrow-irrigated throughout the rest of the
season. The conventional tomato systems typically
received nitrogen as urea and/or ammonium nitrate
at 140 kg N ha ! yr~1. This rate was reduced by
about one-haf in the low-input system by using
leguminous cover crops. The organic tomato system
received aged or composted poultry manure at 4-5 t
ha™* (dry weight). Corn was planted on 0.76 m-wide
beds and furrow-irrigated in all farming systems. The
Conv-4 corn system received about 190 kg N ha !
yr~! as urea and/or ammonium nitrate; the low-in-
put system received about one-half this amount.
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Fig. 1. Conceptual diagram showing the inputs and rotations of
the four farming system trestments of the SAFS project, Davis,
CA, 1989-1996.

Poultry manure was applied to the organic corn
system at 5-7 t ha™ ! (dry weight).

During the 8-year period, all systems used ‘ best
farmer management practices which were deter-
mined through consultation with project investiga
tors, University of California Cooperative Extension
farm advisors, and area farmers cooperating on the
project. Thus, management decisions on crop variety
selection, agronomic practices, and pest management

were made as needed based upon market demand,
weather, pest pressures, and current practices in the
region. All farming systems utilized a combination
of preventive and therapeutic pest management tac-
tics (Table 1). The Conv-4 and Conv-2 treatments
were managed with practices typical of the surround-
ing area, which included the use of synthetic chemi-
cal pesticides and fertilizers. In the low-input system,
fertilizer and pesticide inputs were reduced primarily
by using vetch (Vicia spp.) and vetch/oat ( Avena
sativa L.) cover crops to improve soil fertility and
mechanical cultivation for weed management. The
organic treatment was managed according to the
regulations of California Certified Organic Farmers
(CCOF, 1995). Thus, no synthetic chemical pesti-
cides or fertilizers were used. Management included
the use of vetch and vetch /oat cover crops, aged or
composted animal manure, mechanical cultivation,
and limited use of CCOF-approved products includ-
ing Bt, sulfur, and insecticidal soap. Decisions to use
therapeutic pest management were made based upon
a combination of University of California guidelines
(e.g., University of California, 1996), expert advice
from participating investigators and farm advisors,
and professional opinions of participating farmers.
This paper analyzes pest abundance and management
data collected in these tomato and corn systems from
1989-1996 (Table 2).

2.2. Pest abundance and association with yield

Arthropod pests, weeds, plant pathogens, and
plant-parasitic nematodes were monitored in all sys-
tems for varying number of years (Table 2) using
sampling methods described below. Pest abundance
was compared among treatments in each year with a
two-way Analysis of Variance (ANOVA) followed
by the Student—Newman—Keuls test when P < 0.05.
Non-normal data were transformed to achieve nor-
mality and ratings were analyzed with the non-para-
metric Kruskal-Wallis test.

Tomato and corn yields were determined each
year using commercial-scale machinery and small-
scale hand harvests. Machine harvests consisted of
the yield from the center one-third of each plot.
Hand harvest data were usualy used to verify ma
chine harvest data, but occasionally used for compar-
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Table 1
Pest management practices used in tomato and corn production under the four farming system treatments of the SAFS project, Davis, CA,
1989-1996
Crop Practice Organic Low-input Conv-4 Conv-2
Tomato Synthetic chemical insecticides + + +

Microbial insecticides + +

Insecticidal soap +

Sulfur + + + +

Synthetic chemical herbicides + +

Four-year rotation + + +

Mechanical cultivation + + + +

Hand hoeing + + + +

Synthetic chemical fungicides + + +
Corn Synthetic chemical insecticides + NA2

Synthetic chemical herbicides + + NA

Four-year rotation + + +

Mechanical cultivation + + + NA
#Not applicable.

isons when problems were noted in the machine
harvest. The association between yield and pest
abundance measurements was assessed with Pearson
correlation analysis. Statistical analyses were per-
formed on SigmaStat (Jandel Scientific, San Rafael,
CA) and SuperANOVA. (Abacus Concepts, Berke-
ley, CA).

Table 2

2.2.1. Arthropod pests

Arthropod pests were monitored on an aternating,
bi-weekly basis such that one-half of the plots were
sampled each week during the growing season. In
tomato, potato aphid (Macrosiphum euphorbiae
Thomas), tomato fruitworm (Helicoverpa zea Bod-
die), and beet armyworm (Spodoptera exigua

Tomato and corn pests systematically monitored in the four farming system treatments of the Sustainable Agriculture Farming Systems

(SAFS) Project, Davis, CA, 1989-1996

Crop Pest group Common name Scientific name Y ears monitored
Tomato Arthropods Potato aphid M. euphorbiae Thomas 1989-1995
Tomato fruitworm H. zea Boddie 1989-1995
Beet armyworm S exigua Hubner 1989-1995
Weeds Total weed cover? NAP 1990-1996
Total weed biomass® NA 1990-1992, 19941996
Diseases Corky root P. lycopersici Gerlach 1995-1996
Pythium root rot Pythium spp. 1995-1996
Phytophthora root rot Phytophthora spp. 1995-1996
Rhizoctonia root rot R. solani (Kuhn) 1995-1996
Fusarium wilt Fusarium spp. 1995-1996
Knobby root Unidentified 1995-1996
Nematodes Root-knot nematode Meloidogyne spp. 1988, 1990-1995
Root-lesion nematode Pratylenchus spp. 1988, 1990-1996
Corn Arthropods Aphids Aphididae spp. 1989-1995
Spider mites Tetranychus spp. 1989-1995
Corn earworm H. zea (Boddie) 1989-1995
Weeds Total weed cover? NA 1990-1996
Total weed biomass® NA 1990-1996
Nematodes Root knot nematode Meloidogyne spp. 1988, 1990-1995
Root lesion nematode Pratylenchus spp. 1988, 1990-1995

#Dominant weed species noted in text.
PNot applicable for total weed cover and total weed biomass.
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Huibner) were quantitatively monitored (Table 2).
Potato aphid sampling consisted of picking the leaf
below the highest open flower on a plant and record-
ing the presence or absence of aphids, with 30 leaves
being sampled per plot. Tomato fruitworms and beset
armyworms were monitored by picking 50 fruit per
plot a random and examining each for damage. In
addition, the number of tomato fruitworm eggs and
percent parasitism by native Trichogramma spp.
wasps were determined by sampling the leaf below
the highest open flower on a plant with 30 leaves
being sampled per plot (Zalom et al., 1986; Hoff-
mann et al., 1990). These numbers were compared to
established threshold values (University of Califor-
nia, 1996) to determine if insecticide applications
were necessary. The levels of some pests, including
russet mites ( Aculops lycopersici Massee), flea bee-
tles (Epitrix spp.), lygus bugs (Lygus spp.), and
stink bugs (Pentatomidae) were monitored with qual-
itative observations during scouting. At harvest, 200
tomato fruit were collected from each plot and evalu-
ated for infestation by tomato fruitworm and beet
armyworm and, in years when populations were
present during the season, for stink bug damage. In
corn, aphids (Aphididae), spider mites (Tetranychus
spp.), and corn earworm ( H. zea) were quantitatively
monitored (Table 2). Aphid and spider mite abun-
dance was based on presence/absence sampling on
the lowest non-senescing leaf of 40 plants per plot.
Corn earworm was monitored by examining 40 ears
per plot and recording the number of ears infested.
All data presented are means at peak abundance for
each year.

2.2.2. Weeds

Weeds were monitored using two methods (Table
2). Visua estimates of weed percent groundcover
were made monthly with dominant species noted.
For this analysis, weed percent groundcover in July
was used as an indicator of weed pressure, as crops
were not cultivated after this time. In addition,
above-ground weed biomass at harvest was mea
sured by cutting, drying, and weighing several sub-
samples per plot. In corn, three subsamples, each
measuring 1 m?, were taken per plot from 1990—
1996. In tomato, eight, 1 m2-sub-samples were taken
per plot during the same period, except in 1993 when
weed biomass was not measured.

2.2.3. Plant pathogens

Foliar plant pathogens were observed only occa-
sionally; no systematic surveys were conducted to
quantify foliar diseases. Tomato root pathogen sever-
ity was quantitatively assessed in 1995 and 1996
(Table 2). Severa days before fruit harvest, four
plants from each of five center rows in each plot
were uprooted with a shovel. Roots were rinsed and
rated for typical lesions of corky root ( Pyrenochaeta
lycopersici Gerlach), Fusarium root rot (primarily
Fusarium species producing red pigmentsin culture),
Rhizoctonia root rot (Rhizoctonia solani Kuhn),
Pythium root rot (Pythium ultimum Trow and P.
aphanidermatum Fitzp.), and Phytophthora root rot
( Phytophthora parasitica Dast.). Scoring scales var-
ied according to the symptoms observed: for corky
root, the numbers of dark brown bands with transver-
sal fissures were counted on the tap root and main
lateral roots of each root system with 30 lesions
being equivalent to about 100% infection; for Fusar-
ium root rot, the number of roots larger than 1 mm
diameter with dry reddish brown roots tips were
counted; for Rhizoctonia root rot, the number of
oval-shaped, dark brown and sunken lesions were
counted on the tap root and large latera roots of
each plant; for Pythium root rot, the number of small
feeder roots (> 1 mm diameter) with soft, brown tips
were counted; and for Phytophthora root rot, the
number of large lateral roots (including the tap root)
that were dark brown, starting from the root tip. To
confirm the presence of suspected pathogens, six
1-2 cm long root pieces per plant (20 plants per
plot) were surface sterilized and placed onto agar
plates with semi-selective media: water agar for Rhi-
zoctonia; acid potato dextrose agar for Fusarium and
Macrophomina; pimaricin—ampicillin—rifampicin—
pentachloronitrobenzene agar for Pythium and Phy-
tophthora; and corky root medium agar for
Pyrenochaeta (Singleton et al., 1992).

2.2.3.1. Plant parasitic nematodes in bulk soil. Ne-
matodes were sampled in 1988, before the establish-
ment of the SAFS experiment, and once annually in
each plot from 1990 to 1995 (Table 2). Thirty soil
cores (15 cm deep, 2.5 cm diameter) were taken
from each plot in the autumn of each year, except in
1990 and 1991 when samples were taken in the
spring. The cores were composited and hand mixed.
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A 400 cm?® subsample was removed and subjected to
elutriation and sugar centrifugation (Byrd et a.,
1976). The total number of nematodes was counted
and the first 200 were identified to genus, or species
when possible, with a compound microscope at 400
X magnification. The total number of nematodes of
all taxa were estimated from the proportion of the
200 identified specimens (Ferris et a., 1996).

Two plant-parasitic nematode taxa were quanti-
fied: root-knot nematode (Meloidogyne spp.) and
root-lesion nematode ( Pratylenchus spp.). Root-knot
nematodes are a relatively common pest of tomato
but do not cause significant damage to corn. Root-le-
sion nematodes can damage corn, but the common
species found at this site, P. thornel Sher and Allen,
is not reported to reproduce in tomato.

2.2.3.2. Plant parasitic nematodes in tomato rhizo-
sphere. The same roots used for disease ratings were
also scored for root-knot nematode (Meloidogyne
spp.) injury and knobby root (cause unidentified) as
the extent of galling and knobby root tips, respec-
tively, on a 0-10 scale for each root system. Nema-
todes were extracted from roots by the mist-chamber
method (Ayoub, 1980) and examined for the pres-
ence of plant-parasitic nematodes. Nematodes were
extracted from the rhizosphere soil by the elutriation
and sugar centrifugation method or by the Baermann
funnel method for large nematodes, for which the
funnel was lined with cheese cloth (Ayoub, 1980).

2.3. Economic performance

Pest management costs and crop yields were
recorded from 1989 to 1996. Pest management costs
were estimated using the Budget Planner computer
program (Klonsky and Cary, 1990; Klonsky and
Livingston, 1994). This program generates costs,
returns, and profits and simulates the economic per-
formance of a hypothetical 810 ha farm. The actual
costs of materia inputs and labor, based upon prices
representative from the region, were used; however,
the economics of field operations were derived from
standardized costs. This approach produced realistic
budgets by accounting for the disproportionately large
amount of time needed to manage small, experimen-

tal plots. Pest management costs, categorized by pest
class (arthropods, weeds, pathogens, and nematodes)
were compared among systems as a percentage of
total production costs and using the Conv-4 treat-
ment as a standard (100%).

2.4. Pesticide use and environmental impact

Total pesticide use was compared among systems
using the total amount of active ingredient applied
per ha (kg/ha) and the number of years in which
pesticide applications were used over the 8-year
period. In addition, use of specific pesticide types
(chemical insecticides, microbial insecticides, chemi-
cal herbicides, etc.) was compared. In order to assess
the potential environmental impact of pesticide use
in each of the cropping systems the environmental
impact quotient (E1Q) system developed by Kovach
et a. (1992) was used. The EIQ for each pesticide is
derived from the following 11 environmental factors,
which are categorized into farm worker, consumer,
and ecological components: dermal toxicity, chronic
toxicity, systemicity, fish toxicity, leaching potential,
surface loss potential, bird toxicity, soil half-life, bee
toxicity, beneficia arthropod toxicity, and plant sur-
face half-life. Using an algebraic equation, which
gives equal weight to the three components but
weighs the 11 factors according to their presumed
relative importance, a single EIQ value is generated
which increases with greater negative environmental
impact. An EIQ field use rating is then calculated for
each pesticide by multiplying the EIQ by the amount
of active ingredient (kg/ha) applied. The total envi-
ronmental impact is calculated as the sum of the EIQ
field use ratings for all pesticides applied. The rela-
tive environmental impact of the cropping systems
was compared in this study using the total amount of
active ingredient of each pesticide applied over the 8
years. One potential criticism of this method is that it
does not consider the environmental impact of the
pesticide aternatives, such as cultivation. Although
more comprehensive models for such assessment are
being developed, their increased complexity and
number of assumptions can make them difficult to
use and interpret (Levitan et a., 1995; Pease et al.,
1996).
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3. Results
3.1. Arthropod pests
Arthropod pest abundance showed considerable

inter-year variability, particularly for the three corn
pests (Fig. 2), however no statistically significant
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differences among treatments was observed. This is
not particularly surprising considering the small size
of the plots relative to the potential mobility of the
insects studied.

The three tomato pests tended to be more prob-
lematic during the first severa years of the study
compared to latter years (Fig. 2D—E) probably be-
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Fig. 2. Arthropod pest abundance in the corn (A—C) and tomato (D—F) crops in the four farming system treatments of the SAFS project,
Davis, CA, 1989-1995. Means are calculated from abundance at peak of infestation. No significant treatment differences were found using

Analysis of Variance, a = 0.05.
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cause of the late planting dates which expose the
fruit to higher insect pest populations. Tomato fruit-
worm was not found in any of the treatments from
1993 to 1995. Insecticides were applied to control
potato aphid, armyworm, and/or tomato fruitworm
in the conventional and low-input tomato systems
during the first 3 years of the study (1989-1991). In
the organic system, insecticidal soap was applied to
control potato aphids in 1989 and Bt was applied for
tomato fruitworm in 1991. The greater aphid num-
bers in the organic system in 1989 (Fig. 2D) reflect
the somewhat more effective control achieved with
synthetic chemical insecticides compared to the soap
treatment. Similarly, slightly higher armyworm and
tomato fruitworm abundance in the organic system
in 1989 and 1990 apparently resulted from not using
therapeutic control measures in that treatment. Other
pests which were occasionally problematic in tomato
included russet mites, stink bugs, and lygus bugs.
Based on qualitative observations, sulfur was deemed
necessary to control russet mites in al treatments
during the first 3 years of the study (1989-1991) and
synthetic insecticides were applied in the conven-
tional systems to control stink bugs in 1992 and
lygus bugs in 1994. Insect-infested fruit at harvest
was at acceptable levels (below the 2% grade stan-
dard) in all treatments throughout the study (Fig. 3).
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% Infested Fruit at Harvest
L

1989 1990 1991 1992 1993 1994 1995

Fig. 3. Percent of tomato fruit at harvest infested with tomato
fruitworm and/or beet armyworm in the four farming system
treatments of the SAFS project, Davis, CA, 1989—-1995.

Fruit injury at harvest from stink bug, cosmetic
damage which is generally considered unimportant
for paste processing but significant if the tomatoes
are intended for whole peel or diced processing, was
substantially greater in the organic and low-input
systems compared to the conventional systems in
1992 (data not shown; see Lanini et al., 1994).

Among the corn pests monitored, only spider
mites necessitated chemical control, which was ap-
plied in 1989 and 1990 in the Conv-4 system. The
organic and low-input systems were left untreated.
Therapeutic control for spider mites may also have
been warranted in 1994 and 1995 (Fig. 2C); how-
ever, due to the difficulty and cost of spraying
relatively mature corn plants, treatments were not
applied. Other pests presented periodic problems in
corn. In 1992, feeding by seedcorn maggot (Delia
platura Meigen) resulted in damage to 25% of corn
seedlings in the organic and low-input system. This
pest is known to be problematic under conditions
with high organic matter and moist surface residue,
characteristics typical of cover-cropped agroecosys-
tems after incorporation (Hammond, 1995). Never-
theless, yield reductions in those systems, relative to
the Conv-4 systems, were not apparent (Friedman et
a., 1997).

3.2. Weeds

Weed abundance in tomato, measured as percent
groundcover in July, tended to be higher in the
aternative compared to the conventional systems
throughout most of the study (Fig. 4A). Only during
1993 and 1994 were significant differences not de-
tected. In corn, the organic system had significantly
greater weed cover, compared to the low-input and
Conv-4 systems from 1990 to 1993, but showed
similar or lower weed cover from 1994 to 1996 (Fig.
4B). Redroot pigweed ( Amaranthus retroflexus L.)
was a common weed in both crops and all systems.
However, barnyard grass ( Echinochloa crus-galli P.
Beauv.), purslane (Portulaca oleracea L.), and com-
mon lambsquarters (Chenopodium album L.) were
more problematic in the alternative systems, while
black nightshade (Solanum nigrum L.) was more
common in the conventional systems.

Weed hiomass at harvest in tomato was signifi-
cantly greater in the alternative systems compared to
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biomass at harvest (C, D) in tomato (A, C) and corn (B, D), Davis, CA, 1990-1996. Different letters indicate significant treatment
differences using Analysis of Variance followed by the Student—Newman—Keuls test, P < 0.05.

the conventional systems in 1992 and 1996 (Fig.
4C). Over the 6-year period in which weed biomass
was measured in tomato, there was a relatively close
correlation between weed cover in July and biomass
at harvest (r = 0.61, P < 0.001). Weed biomass in
corn was significantly greater in the organic com-
pared to the low-input and Conv-4 systems in three
of the 7 years measured (Fig. 4D). Weed biomass
patterns in corn also showed close similarity to weed
cover patterns, however, the correlation between
these measurements was somewhat weaker than that
in tomato (r = 0.23; P = 0.04).

3.3. Plant pathogens

The following foliar pathogens were observed
over the years: corn smut (Ustilago maydis Cda.),

tomato black mold ( Alternaria alternata Keisdl. f.
sp. lycopersici Grogan), and tomato bacterial spot
(Xanthomonas campestris pv. vesicatoria Dye
(Lanini et al., 1994). The incidence of corn smut
varied over the years and no consistent differences
were observed among treatments. Black mold and
bacterial spot were only observed in those fall and
spring with substantial rainfall, respectively. Again,
there were no apparent differences among treat-
ments.

Tomato root diseases were generally more severe
in 1995 than 1996 (Fig. 5). In 1995, root diseases
were quite severe in the Conv-2 system. In particu-
lar, severities of corky root, Pythium root rot, and
Fusarium root rot were significantly higher in the
Conv-2 system compared to the other systems (Fig.
5A, B and E). Other root diseases were not very
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prevalent. A new disease manifested by knobby root
tips was observed but the cause was not determined.
Knobby root was generaly less severe in the organic
compared to other systems (Fig. 5G). In 1996, knobby
root was significantly more severe in both conven-
tional systems than in the alternative treatments,

particularly in the Conv-4 treatment. The knobby
root tips may have prevented infection by Pythium
spp. which was significantly less in the Conv-4
system than in the other systems. Differences in
corky root severity in 1996 were similar to those in
1995 albeit less pronounced (Fig. 5A). Phytophthora
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root rot was exceptional in being more severe in the
organic system than in the other systems in 1996
(Fig. 50).

Isolation of plant pathogenic fungi from tomato
roots confirmed the presence of most pathogens sus-
pected to be present based on root symptoms. P.
lycopersici was isolated from roots with corky root
in 1995. R solani was isolated in both years.
Pythium sp. was isolated in 1995, and P. ultimum
and P. aphanidermatum were identified in 1996. All
Phytophthora colonies isolated were P. parasitica.
The isolated Fusarium colonies were mainly purple
and red in both years, but were not identified to
species. However, most colonies looked like F.
oxysporum (probably F. oxysporum f. sp. radicis
lycospersici) known to cause Fusarium crown rot on
tomatoes (Watterson, 1985). In addition to these
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levels in tomato were greater in the two conventional
systems compared to the alternative systems (Fig.
6A).

Root-lesion nematodes tended to be more abun-
dant than root-knot nematodes in soils of both crops.
In tomato, root-lesion nematode abundance generally
increased in al treatments from 1990 to 1996, but
showed dlightly more rapid and pronounced popula-
tion growth in the conventional treatments (Fig. 6C).
Nevertheless, no statistically significant differences
among treatments were found. By contrast, root-le-
sion nematode abundance in corn plots remained
relatively stable in all treatments with the exception
of the Conv-4 system in 1994. Densities were signif-
icantly greater in the low-input compared to the
other two systems in 1991 and in the Conv-4 com-
pared to the other two systems in 1994. The signifi-
cant treatment effects observed in 1991 may not
have been a result of differences in corn manage-
ment because samples were taken only seven weeks
after planting. However, no major differences in the
management of the previous safflower or vetch crops
in the organic and low-input systems appears to
account for the differences in root-lesion nematode
densities. The organic corn system generally had the
lowest root-lesion nematode densities throughout the
study (Fig. 6D).

3.3.2. Plant-parasitic nematodes in rhizosphere
Root galling, typical of root-knot nematode symp-
toms, was observed only occasionally; there were no
significant differences among treatments (Fig. 5F).
Root-knot nematodes were extracted from roots with
root-knot symptoms and identified as Meloidogyne
javanica Treub. in 1995. Rhizosphere samples from
plants with knobby roots were examined for
Xiphinema sp. but these nematodes were not ob-
served and therefore probably not the cause of the
observed symptoms. However, rhizosphere samples

Fig. 7. Correlation between weed percent cover in July and corn
yield (r = —0.27, P=0.01) (A), weed biomass at harvest and
tomato yield (r = —0.31, P = 0.002) (B), and weed percent cover
in July and tomato yield (r = —0.31, P=0.001) (C), SAFS
project, Davis, CA, 1990—1996.
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contained low to moderate numbers of root lesion
nematodes (about 20 1~ of soil in 1995 and 415 |~
of soil in 1996) and stunt nematodes, Tylen-
chorhynchus sp. (230 | 1 of soil in 1995).

3.4. Pest effects on crop yields

Tomato yields in the organic, low-input and
Conv-2 systems averaged 17%, 6%, and 7% less
than the Conv-4 system over the 8-year period. In
corn, however, yields in the organic system averaged
only 5% less and yields in the low-input system were
11% greater than those of the Conv-4 system. Signif-
icant treatment effects were detected in 5 of the 8
years of the study in both crops (data not shown).
Among the 21 pest variables analyzed, only weed
abundance showed significant correlations with crop
yield. Weed percent cover was negatively correlated
with corn yield (r = —0.27; P=0.01) and tomato
yield (r = —0.31; P =0.001), and weed biomass at
harvest was negatively correlated with tomato yield
(r=-0.31; P=0.002) (Fig. 7). Moreover, most
data points with high weed cover and/or biomass
and low crop yield were from the organic and low-
input systems suggesting that weed competition was
at least partialy responsible for reduced crop yields
in those systems (Fig. 7). However, the low correla
tion coefficients and wide range in crop yields at low
weed-cover values indicate that other factors influ-
enced relative yields as well. Interestingly, weed

Table 3

biomass at harvest was not correlated with corn
yield. This lack of correlation and the relatively
weak correlation between weed cover and biomassin
corn indicates that these two weed sampling methods
provided considerably different indications of weed
pressure.

3.5. Pesticide use

Sulfur and synthetic chemica herbicides ac-
counted for most of the pesticide active ingredient
applied to the tomato systems over the 8 years
(Table 3). Sulfur, used to control russet mites, was
applied equally across treatments. All sulfur was
applied during the first 3 years of the study and
totalled about 20 kg ha™! in each system. By con-
trast, most synthetic herbicide was applied to the
conventional systems. Herbicides were used in the
conventional tomato systems in al 8 years of the
study, while they were used in only 2 years in the
low-input system (Table 4). Similarly, most synthetic
insecticides and fungicides were applied in the con-
ventiona systems, though they were used less often
than herbicides. The total amount of synthetic pesti-
cide used in the low-input system was = 15% of
that used in the conventional systems (Table 3). No
synthetic pesticides were used in the organic system.
Instead, insecticidal soap and Bt were each applied
to the organic tomato system in 1 year of the study
to control potato aphids and tomato fruitworm, re-

Total amount of pesticide active ingredient applied (kg ha™!) and the environmental impact value calculated as the sum of the
Environmental Impact Quotients (EIQ) for each pesticide used in the tomato and corn cropping systems over eight years (1989-1996)

Crop Pesticide Organic Low-input Conv-4 Conv-2

Tomato Synthetic chemical insecticides 0 112 4.48 4.48
Microbial insecticides 0.03 0.03 0 0
Insecticidal soap 0.78 0 0 0
Sulfur 20.16 20.16 20.16 20.16
Synthetic chemical herbicides 0 0 12.75 13.56
Synthetic chemical fungicides 0 252 517 517
Tota pesticides 20.97 23.83 42.56 43.37
Environmental impact value 932.94 1120.09 1894.71 1787.90

Corn Synthetic chemical insecticides 0 0 4.09 NA?2
Synthetic chemical herbicides 0 5.60 16.91 NA
Tota pesticides 0 5.60 21.00 NA
Environmental impact value 0 275.13 618.88 NA

#Not applicable.
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Table 4

Number of years (out of eight) in which herbicides,
insecticides/acaricides, and fungicides were used in the tomato
and corn cropping systems of the SAFS project, Davis, CA,
1989-1996

Crop Pesticide group Number of years pesticide group used

Organic Low-input Conv-4 Conv-2

Tomato Herbicide 0 0 8 8
Insecticide 3 3 5 5
/acaricide
Fungicide 0 1 1 1

Corn  Herbicide 0 4 7 NA2
Insecticide 0 0 2 NA
/acaricide
Fungicide 0 0 0 NA

#Not applicable.

spectively. Increased cultivation and hand weeding
were substituted for the herbicides. Fungicide was
applied preventively only in the first year of the
study in anticipation of a predicted early fall rain.

The total amount of pesticide used in corn was
substantially less than in tomato largely because of
the absence of sulfur. Synthetic herbicides, which
were used in the Conv-4 and low-input systemsin 7
and 4 years of the study, respectively (Table 4),
accounted for most pesticide active ingredient ap-
plied (Table 3). Total herbicide use in the low-input
system was about 30% of that in the Conv-4 system.
However, because no insecticides were used in the
low-input system, total pesticide use in the low-input
system was only about 20% of that in the Conv-4
system. No pesticides were used in the organic corn
system.

3.6. Pesticide environmental impact

The potential environmental impact of pesticide
use, measured as the sum of the EIQ field use
ratings, was substantially greater in the tomato com-
pared to the corn systems for al treatments (Table
3). For tomato, the environmental impact of the
organic system was about one-half that of the con-
ventiona systems and dightly less than the low-in-
put system (Table 3). Sulfur contributed the most to
the environmental effect of al tomato systems. How-
ever, in the conventional systems, the occasional use

of several compounds with high EIQ values, such as
dimethoate, esfenvalerate, and mancozeb, and the
regular use of compounds with low to moderate EIQ
values, such as glyphosate and trifluralin, contributed
significantly to the total environmental impact as
well. The dlightly higher environmental impact value
in the low-input compared to the organic system was
due mostly to the use of endosulfan in 1989 for
aphids.

In corn, the environmental effect of pesticide use
was highest in the Conv-4 system and lowest in the
organic system (Fig. 8B). In fact, the environmental
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Fig. 8. Relative pest management costs in the tomato (A) and corn
(B) systems of the organic, low-input, and Conv-2 treatments
presented as a percentage of pest management costs in the Conv-4
system, SAFS project, Davis, CA, 1989—-1996.



66 M.S Clark et al. / Agriculture, Ecosystems and Environment 68 (1998) 51-71

Table 5

Average pest management costs for tomato and corn in the four farming system treatments as a percentage of total operational costs, SAFS

project, Davis, CA, 1989-1996

Crop Pest group Management cost (percentage of total operational costs)
QOrganic Low-input Conv-4 Conv-2
Tomato Weeds 23.0 24.7 222 234
Insects/mites 14 0.7 29 25
Diseases 04 0.5 0.2 0.6
Total 24.8 259 253 255
Corn Weeds 36 5.2 115 NA?
Insects/mites 0 0 17 NA
Diseases 0 0 0 NA
Total 3.6 52 132 NA
#Not applicable.

impact value of the organic systems was 0 because
no pesticides were applied. The frequent use of
glyphosate and occasiona use of propargite largely
accounted for the environmental impact value of the
Conv-4 system. In the low-input system, the use of
2,4-D contributed most to the environmental impact
value.

3.7. Pest management costs

Comparisons of total pest management costs in
the aternative systems relative to the Conv-4 system
illustrate dramatically different patterns between the
tomato and corn crops. In tomato, pest management
costs in the aternative systems averaged 51-57%
greater than Conv-4 system costs over the 8 years
(Fig. 8A). Weed management costs contributed the
most to total pest management costs in all tomato
systems and, as a proportion of total production
costs, were nearly identical across treatments (Table
5). However, in absolute costs, weed management
was considerably more expensive in the aternative
systems because of greater reliance on hand hoeing.
In fact, hand hoeing was largely responsible for the
differences in costs between the alternative and con-
ventional tomato systems. The lower costs in the
alternative tomato systems from 1994 to 1996 rela-
tive to the prior 4-year period (1990-1993) were due
to increases in hand hoeing costs in the Conv-4
system rather than cost reductions in the aternative
systems (Fig. 8A).

Pest management costs in the alternative corn
systems were lower, averaging 48-54% less than

costs in the Conv-4 system throughout the study
(Fig. 8B). However, in absolute costs, treatment
differences were much smaller in corn than in tomato
because pest management comprised a relatively
small portion of corn production expenses, and corn
was only about one-third as costly to produce as
tomato. Nevertheless, cultivation was more cost ef-
fective than herbicide use in managing weeds and
brought pest management costs down to 5% or less
of total production expenses in the alternative sys-
tems (Table 5). The higher relative pest management
costs in the alternative corn systems during the sec-
ond rotation cycle (1993-1996) compared to the first
(1989-1992) resulted from the use of two cultiva-
tions per season in the second rotation and only one
cultivation during first rotation (Fig. 8B).

4. Discussion

The experimental treatments in this study pro-
vided relatively realistic examples of agricultural
systems with widely differing pesticide inputs. All of
the systems used pesticides to some degree, but in
the low-input and organic systems pesticide use was
reduced by 50% or more by substituting non-chem-
ica tactics and tolerating higher pest densities. Al-
though some differences in pest densities among
treatments were observed, with the exception of
weeds there was little evidence that pest abundance
was an important factor in influencing crop yields. In
fact, the findings of this study indicate that pests had
relatively little influence on tomato or corn yields in
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comparison to other studies. However, because the
aternative systems differed from the conventiona
systems in fertility management as well as in pest
management, yield differences would likely not be
attributable solely to pest abundance or pesticide use.
Previous research at the SAFS experiment indicated
that nitrogen availability was an important factor in
explaining tomato and corn yield variability among
treatments (Scow et al., 1994; Cavero et al., 1997,
Friedman et a., 1997). Furthermore, fertility and
pest management practices may interact, making sep-
aration of associated effects on productivity difficult
to decipher. However, this study may support the
explanation that lower relative yields in the alterna-
tive systems were related to nitrogen availability in
that weed competition may have been partialy re-
sponsible for the nitrogen limitation.

Although significant treatment differences were
found in the levels of a range of pests, either consis-
tently or occasionally, only weed abundance was
found to be associated consistently over the years
with reduced crop yields. Weed percent groundcover
in July was negatively correlated with corn and
tomato yields and weed biomass at harvest was
negatively correlated with tomato yield. These corre-
lations, along with crop yield data, indicate that
weed competition was partially responsible for re-
duced crop yields in the alternative systems relative
to the conventional systems at least in some years.
Furthermore, these findings suggest that dependence
solely on mechanical weed control, including cultiva:
tion and hand hoeing, is somewhat less reliable than
using a combination of mechanical and chemical
control. For example, in the low-input corn system,
cultivation was the primary means of weed manage-
ment, though herbicides were used in 4 of the 8
years. The level of weed control achieved with this
approach was clearly as effective as that in the
Conv-4 system which used three times more herbi-
cide. Nevertheless, weed management in the organic
corn system should not be entirely discounted. Al-
though weed abundance was often substantially
greater in that system compared to the others, yield
loss to weed competition was less than 5% relative
to the Conv-4 system even though no herbicides
were used.

The lack of significant treatment and yield effects
for arthropod pests was not particularly surprising

considering the spatial scale and layout of the experi-
mental site. The size of the plots was relatively small
in comparison to the scale at which arthropod out-
breaks occur. Furthermore, the infrequent need for
therapeutic arthropod control measures was possibly
a consequence of the high degree of vegetative di-
versity created by the randomized patchwork of
crops. Spatial diversity is well known to influence
the abundance of arthropod pests and their natural
enemies, with greater diversity usually being associ-
ated with reduced pest levels (Altieri, 1994; Marino
and Landis, 1996). Thus, the entomological findings
of this study should be interpreted with the most
caution because they are likely to be the least repre-
sentative of pest levels in farmers' fields.

Planting date probably played some role in influ-
encing arthropod pests in tomato. Earlier tomato
planting dates in the later years of the experiment
apparently contributed to lower tomato fruit injury
among all treatments. In general, later tomato plant-
ings require insecticidal treatment more frequently
than earlier plantings (e.g., Antle and Park, 1986;
University of California, 1990).

Foliar plant pathogens were seldom severe enough
to warrant fungicide applications. This can be as-
cribed to the relatively dry California climate. Thus,
no consistent difference were observed among farm-
ing systems. Foliar diseases on tomatoes and other
vegetables would be expected to be more severe in
organic farming systems in more humid climates.

Soil-borne pathogens in tomato showed some sig-
nificant differences between treatments but only a
few were consistent over the 2 years of sampling.
Differences in corky root, and root rots caused by
Fusarium spp. and Pythium spp. appeared to be
influenced most by the length of the rotation. These
diseases tended to be more common in the Conv-2
system compared to the other systems, al of which
had 4-year rotations. General reductions in soil-borne
pathogens and root disease severity in organic and
low-input compared to conventional systems can be
ascribed to longer rotations, regular applications of
organic amendments, or abstinence from or reduc-
tions in pesticide use (van Bruggen, 1995). However,
the exact mechanisms of root disease suppression in
organic and low-input systems are not well under-
stood. It is generally assumed that organic amend-
ments reduce root diseases by increasing the level of



68 M.S Clark et al. / Agriculture, Ecosystems and Environment 68 (1998) 51-71

microbial activity, resulting in increased competition
and/or antagonism in the rhizosphere. Enhanced
activity of the microfauna can also contribute to
disease suppression by increased grazing of fungal
plant pathogens in soil. Finally, a reduction in myc-
orrhizal infection of roots in conventionaly com-
pared to organically-managed soils may also con-
tribute to the increase in root diseases observed in
conventionally-managed soils. In this study, rotation
length appeared to be the most important factor
influencing disease severity. Although it is well
known that diseases are more effectively managed
with longer rotations, the economic returns from
tomato production encourage growers to plant this
crop more often. Increased disease severity in this
analysis was not associated with detectable yield
loss. Nevertheless, the findings suggest that the risks
of futureyield loss to soil-borne pathogens are greater
with the 2-year rotation compared to the 4-year
rotation.

Root-knot nematode and root-lesion nematode
tended to increase in al treatments and crops over
the course of this study. However, neither of these
pests reached what would be considered economi-
caly damaging levels, hence no therapeutic treat-
ments were directed at them. Statistically significant
differences in root-knot nematode densities were
found only in 1994. In that year, higher densities
were found in the conventional compared to the
aternative tomato systems, suggesting that the soil
management practices used in the alternative systems
may have directly or indirectly suppressed this pest,
compared to the conventional systems. Nevertheless,
the increasing nematode densities in all systems sug-
gest that the continued use of susceptible tomato
cultivars, which are selected based upon market de-
mand, may create future pest management problems
and should be reconsidered in light of the potential
economic and environmental costs of their continued
use, including yield loss and /or the need for nemati-
cide applications. This situation illustrates the con-
flicts which can arise between integrating pest man-
agement practices and fulfilling the requirements of
processors or buyers.

The root-lesion nematode species (P. thornei) isa
potential pest of corn but is not known to affect
tomato. Significant treatment differences were found
in 2 years of the study and in one of those years

(1994) root-lesion nematode reached relatively high
densities in the Conv-4 system. Although corn yields
in that system were significantly lower than yields in
the organic and low-input systems (data not shown),
there is no evidence to suggest that nematode dam-
age was responsible for the differences. In genera,
plant-parasitic nematode densities have been low and
have not required management intervention to reduce
their numbers. However, the gradual increase in the
densities of these pests in all of the treatments, but
particularly in the Conv-2 system, may result in the
need for future control measures.

With the exception of weeds, the different pest
management systems represented in this study did
not result in dramatically different pest levels in
either crop. Weeds were more problematic in the
organic system because of the non-use of herbicides,
but other pests either did not differ between treat-
ments or tended to be more abundant, though not at
economically-damaging levels, in one or both of the
conventional systems. The estimated economic costs
and environmental effects of the different pest man-
agement approaches, however, varied tremendously
with farming system and crop.

The use of non-chemical weed management in
tomato, cultivation and hand hoeing, resulted in sub-
stantially increased pest management costs for the
low-input and organic systems primarily because of
the high labor costs for hand hoeing. For the organic
system, this is not necessarily a problem because of
the premium prices received for organically-grown
products (Klonsky and Livingston, 1994). In a sense,
consumers paying for organic premiums are absorb-
ing some of the environmental costs of agriculture
because farmers are compensated for reducing the
environmental effects of pesticide use. But without
premium prices, such increased costs may not be
justifiable in a system in which weed management
expenses account for over 20% of total operational
costs.

The situation with corn is quite different than that
of tomato, however, because the economic costs of
the alternative systems were less than conventional
pest management practices. Cultivation generally
proved to be more cost-effective than herbicide use
but the modest use of herbicides did improve yields,
as evidenced in the low-input system. These findings
suggest the low-input pest management system,
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which depends primarily on cultivation and uses
herbicides occasionally, may be the best approach to
optimize agronomic, economic, and environmental
concerns in corn production.

5. Conclusions

The findings of this study illustrate the dramatic
differences in the potential to reduce pesticide use in
processing tomato and corn systems in northern Cali-
fornia. Based on this comparison of organic, low-in-
put, and conventional cropping systems, pesticide
reductions in processing tomato production, particu-
larly for weed management, appear to be economi-
caly costly using currently utilized non-chemical
practices and available technologies. Although the
amount of pesticide applied could be reduced by
50%, resulting in less potential environmental degra
dation, premium prices are needed to compensate
growers for increased pest management costs which
may average 50% more than conventional pest man-
agement costs. By contrast, the amount of pesticide
applied in corn grown in a 4-year rotation could be
reduced by 50-100% with little or no reduction in
yield. Furthermore, the substitution of cultivation for
some or al herbicide applications may reduce pest
management costs by 50% or more and result in less
potential environmental impact. Without premium
prices for corn, however, an economically and envi-
ronmentally acceptable approach should involve an
integration of non-chemical methods with occasional
pesticide applications.
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