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Abstract

We tested the hypotheses that management of the soil food web in the fall would enhance grazing on bacteria and fungi
by microbivorous nematodes in the spring, consequently increasing N availability in cover-crop driven organic and low-input
farming systems. The food web was manipulated by irrigating the dry soil of late summer and/or providing carbon sources. By
creating conditions conducive for biological activity, we increased the abundance of bacterivore and fungivore nematodes in
the fall and the following spring. Greater biological activity in the soil enhanced concentrations of mineral N available to the
subsequent summer tomato crop. Mineral N concentration in the spring was associated with abundance of bacterivore nema-
todes, and with the corresponding Enrichment Index (El) provided by nematode community analysis. Because environmental
conditions that favour increase of bacterivore nematodes probably also favour other microbial grazers, including protozoa,
the abundance of bacterivore nematodes may be an indicator of overall grazing activity and N mineralisation rates from soil
fauna. Decomposition pathways in the spring, inferred from nematode bioindicators, were dominated by bacteria in plots that
had been irrigated the previous fall while fungi were more prevalent in those that had not. The responses of omnivore and
predator nematodes to our treatments were not consistent and there was no evidence that regulation of opportunist species by
predators would be enhanced by the management practices imposed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction have adverse effects on plants and soil organisms or

may be lost through leaching or denitrificatidtoudel
In most agricultural systems of developed countries, et al., 2001c; Joyce et al., 2002; Mosier et al., 2002

N and other plant nutrients are supplied as mineral fer- In agricultural systems (e.g. organic and low-input)

tilisers prior to planting or early in the growing season. that rely on incorporated crop residues, cover crops

Since the needs of the crop must be met for the entire and composted manures for plant nutrients, the avail-

growing season, the amount applied exceeds plant re-ability of N and other minerals at any point in time is

guirements at the time of application. Excessive N may a function of rates of decomposition and mineralisa-
tion, driven by soil microbes and mediated by other
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arise Russell, 1957; Magdoff et al., 1997; Delgado
etal., 2001; Poudel et al., 2001b; Weinert et al., 2002
For example, in a long-term sustainable agriculture
farming systems (SAFS) project in Davis, CPefnple

et al., 1994; Poudel et al., 200lzoncentrations of
mineral N in soils managed with organic and low-input
farming practices were consistently lower than in soils
managed with conventional practices, particularly dur-
ing vegetative growth and fruit set of tomatoy€op-
ersicon esculenturh.), the highest value crop in the
rotation. Plants in the organic system sometimes dis-
played symptoms of N deficiency early in the growing
season $cow et al., 1994; Ferris et al., 1996; Clark
et al., 1999%.

A primary function of microbial grazers in solil
food webs is to enhance mineralisation of plant nutri-
ents that are immobilised in the component organisms
of detrital food websAnderson et al., 1981; Ingham
et al., 1985; Hunt et al., 1987; Griffiths, 1994; Moore,
1994; Ferris et al.,, 1998; Chen and Ferris, 1999;
Coleman and Hendrix, 20p0Hunt et al. (1987 gsti-
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ing weed competition in minimum tillage systems
(Caamal-Maldonado et al., 2001; Delgado et al., 2001;
Herrero et al., 2001; Ross et al., 2001; Shrestha et al.,
2002. In the current study, we examine the effects of
cover crops and irrigation on nematodes that are ben-
eficial in soil mineral cycling. We report the results of
field experiments, conducted over 3 years, to: (a) test
the effect of late summer/fall cultural and cropping
practices on abundance of bacterivore and fungivore
nematodes; (b) determine abundance and activity of
those nematodes the following spring; (c) determine
the relationship between mineral N availability and
nematode abundance, and coincidentally the utility of
bacterivore and fungivore nematode populations as
indicators of soil fertility; and (d) determine the ef-
fect of enhanced N availability through soil food web
activity on growth and yield of transplanted tomatoes.

2. Materials and methods

mated that bacterial grazers (protozoa and bacterivore2.1. Experimental site and design

nematodes) contributed 83% of the N mineralised by
fauna, which was 64% of that mineralised by mi-

The SAFS project is located on the Agronomy

crobes. Their model suggests that fauna mineralise N Farm of the University of California, Davis. The soils

at a rate equivalent to 14 times their biomass each

are classified as a Reiff loam (coarse-loamy, mixed,

year, whereas bacteria mineralise 0.6 and fungi 0.51 of non-acid, thermic Mollic Xerofluvents) and a Yolo

their biomass N per year. In laboratory microcosm ex-

silt loam (fine-silty, mixed, non-acid, thermic Mollic

periments, bacterivore nematodes enhanced N miner-Xerofluvents). Soil textural analysis is, on average,

alisation by 1.2-5.8 ng N nematodeday ! and fun-
givore nematodes by 1.8-3.3ng N nematolgay *
depending on the suitability of fungal hostSefris

et al., 1998; Chen and Ferris, 1999; Okada and Ferris,

2001).
These results, coupled with our field observations,
fostered two primary hypotheses: enhanced N miner-

alisation rates in soil are associated with greater densi-

ties of microbial-feeding nematodes; and, population

35% sand, 46% silt, and 19% clay at 0—30 cm depth
(Temple et al., 1994; Poudel et al., 20DI@ur exper-

iments were located in a 3 ha companion area of the
SAFS site where management strategies are tested be-
fore implementation in the main experiment. In each
year, plots were either three or four beds wide and 10 m
long, with a 2 m buffer between plots in the same row.
Plots were arranged in randomised complete block
designs with four replications. Border rows separated

levels of bacterivore and fungivore nematodes become neighbouring treatments. Weeds in the plots were spot
constrained by environmental conditions and resource treated periodically with glyphosate herbicide. Plots

availability. The inference from these hypotheses was
that removing constraints to nematode population
growth should enhance N mineralisation rates.

were furrow-irrigated in accordance with the exper-
imental design. In the spring of each year, following
fall and winter management practices, tomatoes (cv.

Recent studies on the use and management ofBrigade) were transplanted into each plot. No mineral
cover crops in agricultural systems have been directed fertiliser was applied and the plots were irrigated as

towards conservation of resources, improvement
of soil quality, minimising pest effects, improving
soil fertility in minimum input systems, and reduc-

needed during the summer growing season. Tomatoes
were hand-harvested from two 3 m sections of each
plot in August and weighed for yield determination.
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2.2. Treatment details

The experiments were conducted over 3 years.

21

amounts and quality of organic material in the spring
in all cover-cropped treatments. The treatments were
designed to test the effects of summer and winter

Treatments changed slightly each year to addresscover crops, and the effects of irrigation. Specific fac-

different yet related aspects of the objectives.

In Experiment 1 (1995-1996), treatments were de-
signed to test the addition of organic C to increase soil
microbial activity, to determine the effects on soil food
web activity of cover crops planted either in the late
summer or the late fall, and to determine the effects
of adjusting soil moisture using irrigation. Experimen-
tal factors included (a) incorporation of a C source

tors and levels were: (a) summer cover crop planted
mid-September«S); (b) winter cover crop planted
mid-November ¢W), no summer cover crop—S),
no winter cover crop£W) (the summer and winter
cover crops were the same as those used in Experi-
ment 1); and (c) irrigationl) versus no irrigation
(=1 in the late summer and fall.

In Experiment 3 (1997-1998), the primary focus

(barley straw at 4.5tha on 17 August) {O) versus
no organic amendmentQ); (b) summer cover crop
planted late AugustS), winter cover crop planted
in November ¢W), no cover crop S, —W); (c) ir-

was to test the effects of varying the frequency of ir-
rigation during the warm soil conditions of late sum-
mer/early fall on nematode population levels and com-
munity structure, and on N mineralisation activity in
rigation sufficient to meet the needs of the summer the spring. The experiment was established follow-
cover crop {1) versus no irrigation €1) during the ing a safflower Carthamus tinctoriuscrop that did
late summer and fall. The summer cover crop was a not receive fertiliser and which should have depleted
four seed mix: “Maximum Organic Builder”, Lohse available soil N. The treatments tested the effects of
Mill. Inc., Artois, CA (40% cayuse oat#wvena sativa a summer cover crop followed by a winter cover crop
30% bell beansyicia fabg 20% magnus field peas, (+S+W), a summer cover crop continued through the
Pisum arvensel0% common vetchyicia sativg. winter (+S+ S), a winter cover crop alone-G+ W),
The winter cover crop was common vetch. Both sum- or no cover crop£S—W). Cover crops were the same
mer and winter cover crops were allowed to grow as for previous years. Superimposed on these treat-
until spring, which created substantial differences in ments were levels (frequency) of fall irrigation: no ir-
biomass above ground (and probably below ground) rigation (—I) (not used with the summer cover crop
among treatments. In an attempt to isolate the ef- treatments), irrigation sufficient to meet needs of the
fects of the fall management and to avoid having them summer cover cropil), and irrigation every 2 weeks
masked by different amounts of incorporated organic (+12), approximately double the frequency of thé
material, all cover-cropped plots were mowed in the treatment.
spring and the afveground growth was removed. To
approximately equalise the organic source for the food 2.3. Soil sampling and data collection
web in each plot, a vetch/oats herbage mixture was
distributed across all plots and incorporated 2 weeks Soil samples were composites of 16 cores (2.5cm
prior to planting the tomato crop. diameter) per plot taken to a depth of 30 cm mid-way
In Experiment 2 (1996-1997), the cover crop treat- between plants in the middle plant row(s), or dis-
ments were modified because, in the first experiment, tributed through the central region of each plot when
the attempt to equalise material incorporated into each plants were absent. Samples were collected in plastic
plot as fuel for the soil food web probably did not bags and immediately placed in an insulated box for
resolve differences in below-ground biomass. Also, transportation to the laboratory. Soil cores were manu-
in Experiment 1 there was some evidence of reduced ally disintegrated; the soil was passed through a coarse
N availability in the spring, from immobilisation due sieve (5 mm aperture), hand-mixed and subsampled.
to excess C, in summer cover-cropped plots. Conse- In Experiment 1, samples for soil N (MO and
guently, in 1996-1997, the summer cover crop was NH;%) analysis Bundy and Meisinger, 1994were
mowed and raked off during the first week of Novem- taken weekly for 7 weeks, then at 11 and 14 weeks,
ber, and all cover crop plots were sown with vetch after organic matter incorporation. Samples for basal
for winter growth. Our intent was to provide uniform  soil respiration and substrate-induced respiration
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(Gunapala et al., 1998vere processed at 1, 4 and
7 weeks after organic matter incorporation in the
spring. Samples for phospholipid fatty acid (PLFA)
analysis of the soil microbial communit¢ssio and
Scow, 1998 were taken in October, 1 week prior to
establishing the winter cover crop in November, then
3 weeks before and 1 week after cover crop incor-
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determine the weight of soil. Tubes were shaken for
1h to displace bound N, centrifuged, and 12 ml

of the supernatant was pipetted into a scintillation vial
and the vial cappedundy and Meisinger, 1994The
University of California’s Division of Agriculture and
Natural Resources Analytical Laboratory conducted
nitrogen assays. Soil moisture content of each sample

poration in the spring. Samples for nematode faunal was determined by weight loss of a subsample after

analysis Ferris et al., 200lwere taken on four occa-
sions during the late summer, fall and winter, starting
with establishment of the experiment in late August,

drying for 48 h at 80C. The soil moisture data were
used to adjust the N amounts for each sampla.do
N g1 oven-dried soil.

and at weeks 1, 4, 7, 11, 14 and 18 after cover crop
incorporation in the spring. 2.4.3. PLFA

In subsequent experiments, nematode faunal analy- Subsamples of 150 ml soil from each sample were
ses and soil N determinations were conducted less fre-frozen for PLFA analysis. Samples from selected plots
guently than during the first year. In year 2, plots were were processed for assessment of fungal and bacterial
sampled in early spring, 6 weeks prior to cover crop fatty acid markers. PLFAs were extracted from soil ac-

incorporation, at incorporation, and 3 weeks after in-

corporation. In year 3, plots were sampled in Septem-

cording to described methodologBdssio and Scow,
1998; Chen et al., 200land measured by gas chro-

ber to establish baseline levels of populations, in the matography. The weights of individual PLFAs were
spring, and then 4 weeks after cover crop incorpora- measured as ngg dry soil. Total weight of PLFAs

tion and at the end of the tomato-growing season.

2.4. Analytical techniques

2.4.1. Nematodes

Soil samples were hand-mixed and 350 ml subsam-

ples processed by elutriation and centrifugatiBgr¢l
et al., 1976; Barker, 1985All nematodes in a sample

was used as a measure of total microbial biomass. The
biomass of bacteria was determined using the com-
bined weights of fatty acidsol5:0,anteisd 5:0, 15:0,
is016:0, 16:15c, isol7:0, anteisd.7:0, 17:0cy, 17:0
and 19:0cy. That of fungi was determined as the sum
of 18:3w7c, anteisd 8:0 and 18:@6, 9¢ Frostegard
and Baath, 1996; Bossio and Scow, 1998; Mikola and
Setala, 1998

were counted, then the sample was centrifuged, the
supernatant removed and the nematodes suspended i2.4.4. Soil respiration
a small volume of water. That volume was spread on  Soil respiration was determined by amending soil
a 50 mmx 75 mm microscope slide and covered with subsamples with either nutrient broth (basal respira-
a 45 mmx 50 mm coverslip. The first 200 nematodes tion) or nutrient broth plus glucose (substrate-induced
encountered in the sample were identified to genus, or respiration). The difference in head-space JCli@-
species where possible, at 20@r 400x magnifica- tween the subsamples was determined by infrared gas
tion. Relative abundance of each taxon was calculated analyser after 2h of incubatiorSith et al., 1985;
from the proportion of that taxon among the identified Gunapala et al., 1998This technique provides a mea-
nematodes. Abundance was expressed as the numbesure of the activity of the soil microbial biomass.
of nematodes in each taxort soil and was not cor-
rected for extraction efficiency. 2.4.5. Nematode faunal analyses

Nematode faunal analyses were performed as in-
dicators of food web structure, status, functionality,
and resource availabilityFerris et al., 2001; Ferris
KCI extraction. Forty ml of 2M KCI was pipetted and Matute, 2008 Two indices are calculated based
into conical centrifuge tubes. Tubes with KCI solu- on abundance of nematodes, weighted relative to their
tion were capped and weighed. About 10g soil was indicator importance kg ps), in guilds representing
placed in each tube and tubes were weighed again toenrichment, basal and structure components of the

2.4.2. Soil nitrogen
Soil NO3~ and NH;* status was determined by
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food web. The Enrichment Index (EI) is calculated as
100(e/(e + b)), wheree is the abundance of individ-

uals in guilds in the enrichment component weighted
by their respectivée values and is the abundance of

individuals in the basal component weighted by their
kp values. The EIl provides an indicator of resources
available to the soil food web and the response of pri-
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classes 3-5Table 2 (Bongers, 1990; Bongers and
Bongers, 1998; Ferris et al., 2001

To test the hypothesis that nematode populations
will be at high levels in the spring following conducive
fall management practices (hypothesis 2), each year
we subjected spring (April) population densities of
the same functional guilds to analysis of variance and

mary decomposers to those resources. The Structuremeans separation.

Index (Sl) is calculated as St 100(s/(s + b)), where
sis the abundance of individuals in the structure com-
ponent weighted by thels values. A higher Sl value

Each year, the experimental designs for these stud-
ies were incomplete factorials with some combinations
of factors omitted because they were biologically or

results from the presence of omnivore and predator agronomically impractical. That restricted the statisti-
nematodes; it suggests a food web with more trophic cal analysis to testing differences between treatment
linkages. The two indices allow graphic representa- combinations and examination of main effects. Since,
tion of the condition of the food webFgérris et al., for example, a summer cover crop could only be grown
2007). with irrigation, the interaction of summer cover crop
Decomposition of organic matter may proceed and irrigation could not be tested. Data on crop yields,
through different pathways or channels in the soil soil N, nematode abundance and nematode functional
food web. At one extreme, materials of high cellu- guild indices were subjected to analysis of variance
lose and lignin content and high C-to-N ratio are according to the GLM procedure of SAS version 6.12
decomposed through fungal-dominated “slow” path- (SAS Institute Inc., Cary, NC). Means were separated
ways; at the other extreme, moist, N-rich tissues by Duncan’s Multiple Range Test with lgg trans-
are decomposed through bacterial-dominated “fast” formation where necessary to stabilise variance. For
pathways Coleman et al., 1983; Wardle and Yeates, convenience of data handling, regression analyses of
1993; Moore, 1991 The Channel Index (Cl) is cal-  crop yields with soil N levels and of soil N levels with
culated as 10@ry,Fw)/(kga,Bay + kry,Fup) where nematode index values were performed using the data
the coefficients are the enrichment weightings for the analysis tools of Microsoft Excel 97.
Fu fungivore guild and Ba enrichment-opportunist
bacterivore guild. A high CI indicates that fungal
decomposition pathways predominate while a low 3. Results
Cl suggests that bacterial decomposition are more
important Ferris et al., 2001 3.1. Nematode faunal structure
2.4.6. Statistical analyses During Experiment 1, nematodes were identified
To test the hypothesis that populations of target ne- in 320 soil samples (10 treatments, four replica-
matode taxa could be increased by soil food web man- tions and eight sampling dates). The nematodes were
agement in the fall (hypothesis 1), we calculated the representatives of 41 generd@able ). Of the six
change in nematode populations in Experiment 1 be- genera in the Bga guild, Cruznema Mesorhabditis
tween the initial sampling in August or September and Panagrolaimuspredominated over the course of
(Pi) and that in November (Pf) as Pf/Pi. The ratios the experimentCephalobus Chiloplacusand Acro-
measured the effect on the nematode community of beloideswere predominant among the nine genera
soil food web enrichment and removal of environmen- in the general-opportunist Ba guilds while Aphe-
tal constraints. The enrichment effect was determined lenchusand Aphelenchoidesvere the most prevalent
for nematode taxa grouped as functional guilds+Ba of the four genera of the RLufungivore guild.Eudory-
enrichment-opportunist bacterivores in the cpl class, laimus AporcelaimusandDiscolaimuspredominated
Bap 3 general-opportunist bacterivores in the cp2 and 3 among the eight genera designated as omnivores;
classes, Fuenrichment and general-opportunist fun- nematodes designated as predators were found infre-
givores in the cp2 class, and @momnivores in cp quently. Herbivore guilds (bls) were predominantly
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Table 1 same taxa were represented in the soil samples taken

Mean abundance per of soil) of each identified taxon across during Experiments 2 and 3 (data not shown).
all treatments, replications and sampling dates for Experiment 1

Genus Guild  Mean S.D. Maximum  3.2. Nematode response to fall management
Cruznema Bay 2295.8 2718.5 13074.7

Mesorhabditis Bay 1607.2  2533.8  16090.9 We determined the change in the population levels
Panagrolaimus Bay 962.7 12559  10443.4 of various functional groups between 30 August 1995
Rhabditis Bay 2021 3944 28875 (Pi) and 9 November 1995 (Pf) in Experiment 1. Since
gi?)?:sgzgr g:i ii:g 13‘2'_; 3‘(;223 winter cover crops were not established during this
Cephalobus Ba 18225 20785  18626.0 period, data for those plots were combined with data
Chiloplacus Ba 548.2 7115 6328.1 for plots that were never cover-cropped.

Acrobeloides Ba 451.9 962.6  12031.3 Enrichment-opportunist (B nematodes re-
Heterocephalobus  Bap 1448 2559 15185 sponded positively (PPi > 1) to the main effect
écerr(\’lf’;e"ﬁﬁs EZ ig:g 1:2_'3 13?2;'86 of barley straw addition{0) during the August to
Wilsonema Ba 9.1 406 350.9 November period but did not respond to the main ef-
Eucephalobus Ba 7.6 40.0 516.0 fects of a summer cover crop or irrigatiomaple 2.
Plectus Ba 3.0 39.3 687.5 Abundance of general-opportunist bacterivoreyBa
Prismatolaimus  Bag 1700 288.8  2105.3 nematodes increased with the main effects of barley
igg‘;;chus (F:j; 51221'_1 39%2_02 21682498.?5 straw, irrigation, and a summer cover crop. Fungi-
Aphelenchoides ~ Fu, 14745 17586  13666.8 vore (Fy) and herbivore (Hs) guilds increased in
Ditylenchus Fup 234.0 368.1 2583.4 abundance with irrigation. The presence of a summer
Aprutides Fup 1.7 16.1 207.7 cover crop increased herbivore nematodes.
Eudorylaimus Omy 3255 4775 2500.0 Of the individual treatment combinations, the great-
Eﬁf;g?;:fs'mus 8% g:s gz:; ggg:g est augmentative effect on the Bauild was through
Mononchus om 0.3 6.2 111.1 the combination of straw, a summer cover crop and
Aporcelaimus Ome 106.6 205.9 1582.0 irrigation. The Ba guild was least abundant in a treat-
Discolaimus Oms 30.2 100.5 905.7 ment without straw addition or irrigation. The Ba
Mesodorylaimus ~ Oms 0.7 78 108.3 guilds increased least during the fall in plots that were
?;‘I’::C%’i_'m“s S:”f’ 189%'_% L 4:1'_15 7;2'27_8 not irrigated and had no cover crop. The enrichment
Pratylenchus Hy 9463 10470  5670.0 effect on the Fp guild was greatest in treatments that
Filenchus Ha 56.3 231.9 2272.6 were irrigated and least in those not irrigated, whether
Paratylenchus Haz 16.7 143.0 1955.9 or not straw was added or a cover crop grown. Her-
Psilenchus Hz 0.1 17 30.6 bivore nematodes increased most when there was an
Tylenchorhynchus  Hs 1149.6 11921 62783 irrigated summer cover crop but their numbers were
Meloidogyne Hs 245.8 579.3 3881.7 . . . .
Helicotylenchus ~ Ha 2.7 24.7 357.1 relatively unchanged (PPi £ 1) when soil was irri-
Rotylenchus Ha 0.2 4.0 71.3 gated but cover crops were not grown. They declined
Trichodorus Ha 0.6 7.2 1014 in the absence of an irrigated cover crop/@f< 1).
Xiphinema Hs 6.5 44.6 435.0 Omnivore nematodes occurred in low numbers and
Longidorus Hsg 0.4 6.3 1125

were very patchy in their distribution; there was no
Data are based on 320 observations for each taxon. In each case, thesignificant enrichment effect of any treatment on the
lowest number in a sample was zero. Functional guild classifica- Omg s guilds.

tions are represented by designated feeding habit (b: bacterivore, f: ’
fungivore, c: predator (carnivore), o: omnivore, h: plant feeder (her-

bivore). Suffix numbers are cp valuégdogngers, 199pfor the taxa).

3.3. Nematode abundance in the spring

represented bylylenchus TylenchorhynchysPraty- Each year, 1 month after cover crop incorporation
lenchus and Meloidogynejuveniles. In all trophic in the spring, bacterivore nematodes were more abun-
categories, taxa in lower cp classes were generally dant, or trended that way, in plots that had either a
more abundant than those in higher cp classes. Thesummer or winter cover crop than in plots without
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Table 2

Experiment 1

Treatmerft Enrichment Effect (Pf/P¥) Cci¢ Eic sIe Cum-N'  VYield (tha™1)
Bay Bag 3 Fuwp Omgs  Hzs

—-0-C-—1 0.39 b 0.74 c 0.47 c 2.33 054 b 27 a 69 e 10 ab 74 ab 76 ab

+0-C-—1I 1.44 ab 0.8lc 0.74 bc 1.21 051b 21 ab 73 cde 10 ab 62 abc 73 ab

—0-CH+l1 1.24 ab 1.58 ab 1.29 a 4.49 1.01 a 29 a 70 de 6b 81 ab 80 a

+0—-C+l 1.40 ab 237 a 134 a 0.94 1.10 a 20 abc 76 cde 12 ab 87 a 83 a

—O0O+S+1 0.68 b 1.21 bc 1.17 ab 13.65 151 a 12 bcd 80 abc 17 ab 72 ab 73 ab

+0+S+1 395 a 297 a 125 a 11.64 1.63 a 9d 86 a 24 a 82 ab 78 ab

—O0O+W-—1 18 bcd 75 cde 12 ab 58 bc 78 ab

+O0+W -1 15 bed 79 abcd 11 ab 42 ¢ 65 b

-0+ W+ 11 cd 84 ab 12 ab 80 ab 87 a

+0+W+1 17 bed 78 abcde 5b 83 ab 83 a

Main effect of barley straw addition

-0 0.69 n 1.10 n 0.84 4.31 0.85 19 76 11 73 78

+0 1.74 m 1.62 m 1.05 1.72 0.88 16 79 12 71 76

Main effect of cover crop

-C 1.00 122y 0.88 1.86 0.74y 24 x 72y 10y 76 78

+S 1.63 1.89 x 1.21 12.60 1.57 x 11y 83 x 21 x 77 76

+W 15y 79 x 10y 66 78

Main effect of fall irrigation

—1 0.75 0.77 q 0.59 q 1.68 0.53 g 20 74 q 11 59 g 72 q

+I 1.42 192 p 128p 3.76 120 p 16 79p 13 8lp 8lp

Nematode community analyses and soil mineral N concentrations in the spring, and yields of the summer tomato crop, following fall and
winter management practices, 1995-1996.

a_1.0: incorporation of barley straw at 4.5thg —C: no late summer (fall) or winter cover crog,S: late summer (fall) cover crop,
+W: winter cover crop#4I: fall irrigation.

b Enrichment effect calculations are based on November 9 (Pf) and August 30 (Pi) population levels.

¢Channel, Enrichment and Structure indices.

d Cumulative soil mineral N concentration over six sampling dates in April and May 1996. For each data block (combined treatment
means or main effects of individual factors), numbers in a column not followed by a letter, or followed by the same letter, do not differ
significantly (P < 0.05) according to Duncan’s Multiple Range Test.

a cover crop Fig. 1). Lowest numbers of bacteri- shown). Omnivores were variable and in rather low
vores in the spring occurred in plots with the agro- abundance in all treatmentSaple 2.

nomically unlikely treatment of fall irrigation without

a cover crop Fig. 1A and B. Fungivore nematodes 3.4. Faunal profile analyses

responded variably to the cover crop and irrigation

treatments in different years. Either they were more  Soil food web enrichment in the spring, as indi-
abundant in straw-amended plots without cover crops cated by the El, was variously influenced by the fall
or fall irrigation (Fig. 1A) or they were positively in-  and winter treatments. In ExperimentTabple 2, the
fluenced by cover cropsFig. 1B) or there was no  food web was most enriched when a summer or win-
measurable response to the treatmehtg.(10). As ter cover crop was grown and there was fall irrigation
a trend, plots irrigated twice during the fall generally (markers “1”, Fig. 2). For simplicity of display, the
had greater numbers of bacterivore nematodes; thosestraw and non-straw treatment pairs were averaged and
cover-cropped during the winter months had greater treatments that received both cover crops and irrigation
numbers than those not cover-croppEay( 10). Pop- were averaged. The food web was less enriched when
ulations of plant-feeding nematodes were increased by there was no cover crop, regardless of fall irrigation
growth of an irrigated summer cover crop (data not (Table 2 markers “2”,Fig. 2). Across all treatments,
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Fig. 1. Abundance of bacterivore and fungivore nematodes in the spring following irrigation and cover crop treatments in the fall and
winter. (A) Experiment 1 (1995/1996). (B) Experiment 2 (1996/1997). (C) Experiment 3 (1997/1998).

the main effects of summer cover crop and irrigation was greatest in those treatments with either summer
significantly increased the EI over the no cover crop or winter cover crop, and irrigated the previous fall
and non-irrigated treatments, respectivelglfle 9. (markers “3",Fig. 2). The food web was less enriched
There were no differences in the El in the spring when there was no irrigation to activate the organisms
among treatments in ExperimentTaple 3, however, during the conducive conditions of the late summer
faunal analysis suggested that food web enrichment (markers “4”Fig. 2), and least enriched when no cover
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Fig. 2. Faunal profiles in various treatment combinations of cover crop and fall irrigation experiments. The Enrichment Index and Structure
Index of various treatments is portrayed at the time of planting of the summer tomato crop in years 1, 2 and 3. Profiles mapped at higher
positions on the graph represent a more enriched condition of the food web, while those mapped further right indicate a more structured
food web. Treatment codes: Y1, Y2, ¥3years (experiments) 1, 2, 3;:C = plots in which either summer or winter cover crops, or both,

were grown and irrigation was suppliediC = plots in which there was no cover cropW = a winter cover crop grown with seasonal

rain and no irrigation#-1 = fall irrigation supplied;—| = no fall irrigation. Numbers associated with markers are referred to in the text.

crop was grown (marker “5"Fig. 2). In Experiment in both Experiment 1 Table 2 and Experiment 3

3, the El was affected positively by growth of a cover (Table 4.

crop during the winter but there was little additional In Experiment 1, the food web Sl was greatest in
benefit derived from a summer cover crop. Despite the irrigated plots that had both summer and winter cover
increase in total bacterivores, there was no effect of crops and least in plots that received fall irrigation and
fall irrigation frequency on the EI where a cover crop only a winter cover crop. The main effect elevating
had been grownTable 4. Initial soil profile analy- the Sl was the irrigated summer cover crdplfle 2.

sis in Experiment 3 (data not shown) indicated that While there were no treatment effects on the Sl in Ex-
the food web of the site was already rather enriched periment 2, the index was greater in a treatment with
prior to application of the treatments. To simplify por- highest irrigation frequency and plant growth through-
trayal of the faunal analysis, data were averaged for out the fall and winter than in a similar treatment
similar cover crop treatments across the two irriga- with less frequent irrigation in Experiment Bable 4
tion regimes. Faunal analysis suggested that the covermarker “9”, Fig. 2). The total biomass of nematodes

crops enhanced enrichment (markers ‘6. 2) over in enrichment indicator guilds in treatments receiving
no cover crop (marker “7"Fig. 2) and generally with irrigation every 2 weeks was approximately double
one obvious exception (marker “8Fjg. 2), irrigation that in the equivalent cover crop treatments with less
in the fall resulted in greater enrichment. frequent irrigation (data not shown).

There were no differences across fall management
treatments in the magnitude of the Cl of the food web 3.5. Phospholipid fatty acids
in the spring in Experiment 2Table 3 but it was
greatest in plots that did not have a cover crop in Ex-  The total amount of PLFAs is an indicator of the
periment 1. The main effect of cover crop absence mass of microbial cell membranes, a measure of to-
increased the CI over the cover-cropped treatmentstal microbial biomassKossio and Scow, 1998In
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Table 3 Table 4
Experiment 2 Experiment 3
Treatmerft ci® EP sSP 9MayN  Yield Treatmerft ci®  Eib sk 20 May N Yield
(tha™t) (that)
—S-W-1I 64 47 22 16 b 94 b —-S—-W-1 26a 69b 38 ab 7c 40 ab
—S—-W+1 76 41 21 15b 94 b —-S+W-1 10b 87a 36ab 12 b 49 a
—S+W-—1I 66 49 19 22 b 92 b —S+W+1 13b 78ab 37ab 11b 43 ab
- S+W+1 59 54 6 35a 110 a —S+W+12 9b 8a 26b 17a 43 ab
+S+W +1 50 56 16 37 a 108 a +S+W +1 16b 77ab 41 ab 3d 31lb
Main effect of late summer (fall) cover crop +S+W+12 13b 84a 6la 6 cd 40 ab
+S 50 56 16 37 x 108 x +S+S+12 11b 82a 41lab 5cd 29 b
Main effect of winter cover crop Main effect of late summer (fall) cover crop
+W 58 53 14 31p 103 p +S 14 81 28 5y 34y
Main effect of fall irrigation Main effect of winter cover crop
-1 65 48 21  18n 94 n -W 26p 69qg 23 749 40
+ 61 51 14 19m 103 m +W 129 8p 27 10p 43
- — . +S 11qg 81p 20 5q 31

Nematode community analyses and soil mineral N concentrations _ o
in the spring, and yields of the summer tomato crop, following Main effect of fall irrigation
fall and winter management practices, 1996—1997. =l 16 81 24 11m 47 m

a1S: late summer (fall) cover cropyW: winter cover crop, +l 13 79 22 7n 36 n
+1: fall irrigation. +12 11 83 29 9m 38n

b Channel, Enrichment and Structure indices (measured May
9).

¢ Soil mineral N concentration measured on 9 May 1997. For
each data block (combined treatment means or main effects of
individual factors), numbers in a column not followed by a letter,
or followed by the same letter, do not differ significantly &
0.05) according to Duncan’s Multiple Range Test.

Experiment 1, amounts of total PLFA in the irrigated
+S and—S plots were similar, but were greater than
those in the non-irrigated plots, both in October and
November Fig. 3A). Non-irrigated—S or —W plots
had consistently lower total values during the fall and
spring. Interestingly, total PLFA value in theS treat-
ment in April was less than in the non-irrigatedV/
treatment. That difference did not correspond with any
of the nematode indices. However, available mineral N
concentrations were greatest in treatments with small-
est total PLFA levels in April (compare N levels of
—O+S+land+0+ S+ | with —-O+ W — | and
+0+ W —lin Table 9. Data inFig. 3A for October

Nematode community analyses and soil mineral N concentrations
in the spring, and yields of the summer tomato crop, following
fall and winter management practices, 1997-1998.

24S: late summer (fall) cover cropiW: winter cover crop,
+1: fall irrigation as neededy12: fall irrigation every 2 weeks.

b Channel, Enrichment and Structure indices.

¢Soil mineral N concentration measured on 20 May 1998.
For each data block (combined treatment means or main effects
of individual factors), numbers in a column not followed by a
letter, or followed by the same letter, do not differ significantly
(P < 0.05) according to Duncan’s Multiple Range Test.

crop, or had not been irrigated the previous fall,
had higher fungal-to-bacterial PLFA ratios (data not
shown).

3.6. Soil respiration
In Experiment 1, we used basal soil respiration,

i.e. not induced by substrate addition, averaged over
three sampling dates in April and May as a measure

and November were pooled across treatments destineddf spring microbial activity in the soilsHig. 3B). Dif-

to becomet+W and—W because the sampling period
was before the winter cover crop was established.
There were few differences among the ratios of
PLFA markers of bacterial and fungal activity for
the various treatments in October and November. By
April, those treatments that had not received a cover

ferences between treatments were not significant.
3.7. Mineral nitrogen

In Experiment 1, the main effect of fall irrigation
significantly enhanced soil mineral N in the spring.



H. Ferris et al./Applied Soil Ecology 25 (2004) 19-35 29
1600
) ]
_® 1200 - S L l 1
ke A
> N, N7 &
£ ) 3 A
800 - ‘\:\‘ )
< o )
= IN NN
o i 5
= 400 -
°
'_
(A) 0 s . : :
R S N T T S T - T S "R
N N N N N N > O N > O
16 1
< 2 B I
3 3‘4’0: [T
P e
3 gl B4R
\ P4 o]
o 50 olels
o b olets
3 Relel iolels
= 5054 wtets
S TR X
3 R
ol Reted
B el
] R
(B) 0 1 T T T T 1
+S+W+I -S+W+l -S+W-I -S-W+l -S-W-|

Fig. 3. Structure and activity of the soil food web. (A) Total phospholipid fatty acids, an indicator of microbial biomass extracted from
samples taken from selected treatments during and after application of fall and winter management practices (year 1, 1995/%896).
—S = presence or absence of a summer cover ci#ef¥, or —W = presence or absence of a winter cover crgpor —I = fall irrigation
supplied or not supplied; 10, 11, 3,-4 month of sampling—October, November, March or April. Some of the plots included in the
averages for months 10 and 11 received a winter cover ctdfy)(planted in late November. (B) Basal soil respiration averaged over

three sampling dates in April and May, 1996 (year 1) as an indic

Mineral N concentrations were particularly low when
a winter cover crop was grown without irrigation dur-
ing the previous fall Table 3. In Experiment 2, soil
mineral N in the spring was greatest in plots that re-
ceived winter cover crops and fall irrigation the previ-
ous year {able 3. In Experiment 3, there was signifi-
cantly more N in the spring in treatments with a winter
cover crop that did not follow a summer cover than in
those with an irrigated summer cover crafalle 4.

In Experiment 1, there were no apparent relation-

ator of soil microbial activity.

ever, a lag effect of the El on mineral N was evidenced
by a strong relationship between N on 28 May and
El on 16 May ¢? = 0.81, P < 0.01) (Fig. 4B). The
relationship between El on 28 May and N on other
dates was much weaker?(= 0.16 with N on 6 May
and 0.21 on 13 May). Mineral N concentration in May
also was related positively to the El in Experiment 2
(2 = 0.87, P < 0.05, Fig. 5B).

In both Experiments 1 and 2, there were strong neg-
ative relationships between the CI and available min-

ships between abundance of any nematode trophiceral N in May ¢2 = 0.54, P < 0.05; Fig. 4C and
group and mineral N measured on the same date. How-r? = 0.76, P < 0.05; Fig. 50).
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Fig. 4. Crop yield and spring soil mineral N concentrations
in relation to indices derived from nematode faunal analysis in
the spring in Experiment 1 (1995/1996). (A) Tomato yield in
August 1996, in relation to cumulative soil N measurements
over five sampling dates in April and May, prior to planting
(year 1); y = 228 4+ 0.164r. (B) and (C) Soil N concentra-
tions on 28 May 1996 in relation to indices derived from nema-
tode faunal assessment 12 days previously. (B) Enrichment Index;
y = —153+0.307x. (C) Channel Indexy = 12.5 — 0.227x.

3.8. Summer crop yields

In Experiment 1, the main effect of fall irrigation
was to increase tomato yields. Yield trends were
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Fig. 5. Crop yield and spring soil mineral N concentrations in
relation to indices derived from nematode faunal analysis in the
spring in Experiment 2 (1996/1997). (A) Relationship between
crop yield and the Enrichment Index (Eb);= 76.5+ 0.445x. (B)
Relationship between spring mineral N concentrations in the soil
and the El;y = —55.0+ 1.6x. A higher value of the El indicates
recent enrichment with readily-decomposed organic material. (C)
Relationship between spring mineral N concentrations in the soil
and the Channel Index (Cl); = 82.4—0.914«. A higher value of

the ClI indicates proportionally greater fungal rather than bacterial
decomposition.

greater in plots receiving irrigation in the fall, whether
or not a winter cover crop had been groviralple 2.
There was a clear relationship between cumulative
mineral N measured over six dates in the spring and
the subsequent crop yiel&ig. 4A). Treatment com-
binations that generated highest mineral N concentra-
tions also generated the highest crop yieltib{e 2.

The main effects on tomato yield of a cover crop
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(summer or winter) or addition of high C organic
material in the late summer of the previous year were
not significant Table 2.

Tomato yields in Experiment 2 were greater in plots

31

tionship between yield and total soil N at the end of
May (- = 0.3, P < 0.01, Fig. 6A). El values in all

plots were very high by 20 May and did not provide
a sufficient range to reveal influences on total N or

that had a winter cover crop and had been irrigated eventual yield Fig. 6B).

in the fall. The main effects of a winter cover crop,
fall irrigation and a summer cover crop all contributed
to significant increases in yieldigble 3. The main
effects of summer cover crop, winter cover crop and
fall irrigation all enhanced mineral N in Mayféble 3.

4. Discussion

Some of the most intensive and productive agricul-

Tomato yield was correlated with soil mineral N and tural systems in the world occur in Mediterranean cli-
with the El measured in early May4 = 0.32, P < mates with high summer temperatures and seasonal
0.05,Fig. 5A). Treatment combinations that generated rainfall. Where the cropping season does not coincide
greatest mineral N concentrations also generated thewith the rainfall period, the systems are particularly

greatest crop yieldsTable 3.
In Experiment 3, tomato yields were generally sup-
pressed after an irrigated summer cover citgb(e 4.

productive when supplied with irrigation, as in the
agricultural systems of California, the Mediterranean,
and Australia. California’s Sacramento Valley is rep-

In general, the treatment combinations that produced resentative of such production systems. In this region,
lowest mineral N concentrations also produced lowest the winter rain period (average 47 cm precipitation an-

tomato yields Table 4. There was a significant rela-
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Fig. 6. Crop yield, soil mineral N concentrations in the spring

and the Enrichment Index (derived from nematode faunal analysis
in the spring) in Experiment 3 (1997/1998). (A) Relationship

between crop yield and the soil mineral N concentrations in the
spring;y = 12.7+0.578. (B) Relationship between spring mineral

N concentrations in the soil and the El; a higher value of the
El indicates recent enrichment with readily-decomposed organic
material;y = —10.0 + 0.232x.

nually) extends from November to March. Summer
crops are planted when winter rainfall ceases and the
soil becomes sufficiently dry to allow tillage without
undue compaction. The average monthly minimum
temperature in April is 9C and average monthly max-
imum in July is 32C. The summer crops are irrigated
as needed throughout the growth cycle and are fol-
lowed by an extended dry fallow period until the com-
mencement of the wet season. During this dry period,
average monthly maximum temperatures are 32, 29,
and 24°C in August, September and October, respec-
tively.

Under the dry fallow conditions following harvest
of a summer crop, bacterivore and fungivore nema-
todes decline in abundance due to lack of soil mois-
ture and, perhaps, food. The decline was more evident
in bacterivores than fungivores in the present exper-
iments. When rainfall occurs in November, the soil
temperature is too low to support their feeding and re-
production. Consequently, bacterivore and fungivore
nematodes are in low abundance the following spring
when organic material from winter-grown cover crops
is incorporated into the soil in low-input and organic
systemserris et al., 1996

The fall irrigation and cover crop manipulations in
these studies undoubtedly affect many components of
the soil food web. Enhanced N mineralisation in the
spring was not only the product of the activities of
bacterivore and fungivore nematodes. However, based
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on the comparative estimatestédint et al. (1987and
our previous studiesHerris et al., 1998 nematodes
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than growing two separate cover crops, the summer
cover crop probably should be established as a species

appear to be major contributors. We believe that nema- mixture of grains and legumes that will go through
tode responses to food web management also providea successional process spanning the late summer and
useful markers of the responses of other organisms winter.

with similar feeding activitiesKerris et al., 2001 Al-
though it is well documented that pulses in mineral N
may follow the irrigation of dry soil (e.gSparling and
Ross, 1988; Lundquist et al., 199®ineralisation by
microbes following fall irrigation is probably offset
by the considerable leaching of N that occurs during
winter months at our field sitePpudel et al., 200)c

We conclude that the activities of organisms in the
soil food web contribute substantially to the increased
levels of mineral N measured in the spring.

4.1. Treatment effects on the soil food web

The faunal profile is a graphic representation of the

4.2. Nematode function in food webs

Both bacterivore and fungivore nematodes miner-
alise N in soil (ngham et al., 1985; Ferris et al., 1998;
Chen and Ferris, 1999Contributions of bacterivore
nematodes on a per capita basis are greater than those
of fungivore nematodes, and populations of some
bacterivore nematodes are more opportunistic in re-
sponse to resource enrichment than others. Ecophysi-
ological attributes of different nematode guilds affect
the magnitude of their contribution to the mineral N
pool (Ferris et al., 1996, 1998; Bongers and Bongers,
1998; Bongers and Ferris, 199Bacterivores of the

effect of management practices or other perturbations Bay guild, enrichment opportunists, were most re-
on the structure and enrichment components of the sponsive to increase in their food source. In particular,
food web, based on the relative weighted abundance of MesorhabditigBursilla) labiata (family Rhabditidae)

nematode guildsHerris et al., 2001 The inference of
greater structure is that there are more links in the food
web, more organismal interactions, greater functional
redundancy and, potentially, more stability of function.
The position of all data points in the faunal profiles
of these experimentd-{g. 2) is consistent with our
experience for disturbed annual agricultural systems;
i.e. enriched but with little structur&érris et al., 2001,
Ferris and Matute, 2003

We conclude that conditions conducive for activity
of the soil food web can be created through irrigation
in the late summer in winter-rainfall Mediterranean
climates. Growing a cover crop during the late summer
irrigated period will generally further enhance activity
in the soil food web. The cover crop also has the po-
tential benefits of improving soil structure, fixing N,
adding organic matter to the soil to fuel the food web,
reducing leaching, improving winter-rainfall storage
and, providing weed suppression through competition.
If soil C is low when acceleration of food web activity
is initiated, addition of organic material is probably
beneficial. It may be unnecessary to add additional C
to fuel the food web if residues remain from previous
crops. The growth of a winter cover crop is beneficial

for many of the same reasons as those for the sum-

mer cover crop. From a practical standpoint, rather

dominated the bacterivore nematode community early
in the growing season in previous studiéei(is et al.,
1996. Because the thermal adaptations and temporal
dynamics of bacterivore and fungivore nematodes
lead to a succession of species predominafegris

et al.,, 1996; Venette and Ferris, 199%0il man-
agement to enhance abundance and activity of these
functional guilds as a whole, rather than targeting
individual species, should provide sustained N min-
eralisation during the growing season. Such practices
will simultaneously enhance activity and abundance
of the larger community of microbial grazers.

Decomposition pathways under the major treat-
ments in Experiment 1 were not discernibly differenti-
ated by the CI through November but differences were
evident by the late winter and early spring (March and
April) (Fig. 7). Treatment combinations that had not
been irrigated the previous fall, or had not received a
cover crop, had higher Cl values and their decomposi-
tion pathways appeared to be more fungal-dominated.
That was substantiated by fungal-to-bacterial PLFA
ratios as indicators.

Under the warm, dry soil conditions of these an-
nual cropping systems, the component of the soil ne-
matode community that functions in decomposition
pathways has a dominant fraction of fungal-feeding
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Fig. 7. Temporal dynamics of the Channel Index (Cl), the relative predominance of fungal and bacterial decomposition pathways as indicated
by nematode faunal analysis, in Experiment 1 (A) Cl progression for treatments with cover ¢®psgummercover crop+W = winter
cover crop,+I = fall irrigation, —I = no fall irrigation). (B) CI progression for treatments without cover crop$ ¢ W: no cover crop).

forms (Ferris et al., 1996 When we modified the en-  roles in the food web. We hypothesise that if the
vironment so that it was more conducive to the bac- bioindicator species are abundant, the whole of the
terial decomposition pathway, there was an increase functional group that they represent (e.g. protozoa and
in bacterial feeders although fungal feeders (and in- other microbivores) is also active and abundant. The
ferred fungal decomposition) remained at appreciable response of omnivore and predator nematodes to late
levels. We would anticipate similar results in other summer and fall management was inconsistent in these
winter-rainfall Mediterranean climates. highly-disturbed annual agriculture systems. The po-
We conclude that fall management practices can tential for top down regulation of opportunist species
enhance numbers of bacterivore and fungivore nema- by predators was not reliably amplified by any of the
todes. While fungivore nematodes may make a smaller management practices.
direct contribution to N mineralisation, they are an in-
dicator that fungal decomposition of recalcitrant or- 4.3. Management implications
ganic matter is in process, and they also contribute
to the pool of immobilised soil N. The bacterivores In general, maintaining the soil food web in a
include enrichment opportunists and general oppor- biologically-active state during the warm period of the
tunists. Both are important and collectively they con- early fall enhanced N availability for the vegetative
tribute to the release of N immobilised in the micro- growth of the subsequent summer crop. The USDA
bial biomass until at least the middle of the growing Natural Resource Conservation Service defines our
season. experimental site as a class | soil. N was never severely
Nematodes are useful bioindicators of other organ- limited at this site during the several years of these
isms and trophic species that fulfil similar functional experiments. In addition, prior to the experiments,



34 H. Ferris et al./Applied Soil Ecology 25 (2004) 19-35

the soil had been managed under “low-input” farm- Caamal-Maldonado, J.A., Jimenez-Osornio, J.J., Torres-Barragan,
ing system procedures that included annual growth A, Anaya, A.L., 2001. The use of allelopathic legume cover
of cover crops and minimal use of fertilisers and and mulch species for weed control in cropping systems. Agron.

ticid Wi . that ori . J. 93, 27-36.
peshicides. € surmise that primary consumers n Chen, J., Ferris, H., 1999. The effects of nematode grazing on

decomposer and herbivore channels of the soil food  nitrogen mineralization during fungal decomposition of organic
web were well represented in this annually-cropped  matter. Soil Biol. Biochem. 31, 1265-1279.
agricultural system. When N was marginally limiting ~ Chen. J., Ferris, H., Scow, KM., Graham, K.J., 2001. Fatty

in some treatment combinations, the relationships 2Cid composition and dynamics of selected fungal-feeding
. . . . . nematodes and fungi. Comp. Biochem. Physiol. 130, 135-144.
between soil N concentrations in the spring, yield of Clark, M.S., Horwath, W.R., Shennan, C., Scow, K.M.. Lanini,

the subsequent summer crop, and managed activity wT., Ferris, H., 1999. Nitrogen, weeds and water as
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