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THE IMPACT OF WATERFOWL FORAGING ON THE DECOMPOSITION OF
RICE STRAW: MUTUAL BENEFITS FOR RICE GROWERS AND WATERFOWL

More and more NRCS conservationists in rice growing areas of California are assisting elients
managing rice residues without burning to comply with the California Rice Straw Buming
Reduction Act of 1991 and the state Air Resources Board's new Conditional Rice Straw
Burning Permit Program. Growers are no longer allowed to burmn rice residues unless it is
certified that a disease is present and likely to cause significant vield losses,

The enclosed article is based on research performed by University of California-Davis soils
specialist Stuart Pettygrove, Department of Land. Air and Water Resources, waterfowl
specialist John Eadie. Department of Wildlife, Fish, and Conservation Biology, and graduate
student Jeff Bird.

It describes how rice plots were flooded and either wet-rolled or left untilled after harvest.
Mallard ducks were kept on half of each plot for 12 six-hour periods during February to
approximate observed seasonal use. The ducks increased straw decomposition by 78 percent in
the untilled plots and 18 percent in the wet-rolled plots compared to unforaged plots. The
average straw diameter in foraged plots was reduced by one-third that of straw in unforaged
plots.

The Sacramento and San Joaguin Valleys provide habitat for approximately 60 percent of the
wintering waterfowl in the Pacific Flyway. Annual rice acreage averages 500,000 acres. The
authors conclude that rice fields flooded 10-15 em deep (4 to 6 inches deep) can provide
important winter habitat for migratory waterfowl and their foraging can substantially increase
straw decomposition. This may alleviate the prower's need and expense for tillage after
harvest.

This research was published by the British Ecological Society in the Journal of Applied
Ecology (2000) Volume 37, pages 728-741. We have been granted permission to reprint 100
copies by Blackwell Science Ltd., Osney Mead, Oxford, OX2 0EL UK.

This page was prepared by Ron Schultze, State Biologist, and Earth Team Agronomist Walt Bunter,
Resource Technology Staff, Natural Resources Conservation Service, Davis, California,
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Summary

1. Recent legislation in California, USA, has restricted traditional open-field burn-
ing of rice straw residues, leading farmers to adopt alternative methods of straw
disposal such as post-harvest flooding of nes fields. These changss may bensfi
wildlife because winter-flooded fallow rice fields provide foraging habitat to migra-
tory waterfowl In turn, the foraging activity of waterfowl may help to increase rice
straw decomposition, providing a reciprocal benefit to farmers. We cxamined the
eifects of waterfow] foraging activity on straw decomposition and nitrogen minera-
lization follewing rice harvest in a {allow fooded soil.
2. Experimental plots (25 m®) were established on a silty clay soil and were sub-
jected to two post-harvest treatments: wet-rolled or untilled. Mallard ducks Anas
platyrhynchos were placed in one-half of the experimental plots, follewing a split-
plot design, for & 3-week period, at a density equivalent to 33 birds ha™! over a sea-
son of 180 days to approximate regional abundance data,
3. Waterfowl] foraging activity increased residual surface straw decomposition by
78% in untilled plots and 18% in wet-rolled plots compared with the respectivs
. unforaged plots. Average straw diameter in foraged plots was reduced to one-third
that of unforaged plots,
4. Waterfowl foraging and field tillage reduced nitregen (N) concentrations in the
surface straw residue remaining at the end of the winter fallow period. Below-
ground organic residue was not affected by waterfow! foraging, indicating that
ducks did not incorporate the straw. Thars were no apparent additions of carbon
{C} or N to the soil as a result of waterfow] activity.
5. We conclude that warerfow] foraging can substantially increase steaw decompo-
sitton in flooded, fallow, rice fields. Accordingly, rice producers should consider
agronomic practices that attvact waterfowl, such as winter flooding, to maximize
the decomposition of rice straw residue. At the upper end of regionally observed
waterfowl densities (at or near 33 birds ha™' ssason™") waterfowl foraging activity
may alleviate the nead for autumn tillage. Shallow flooded rice fields will also pro-
vide important winter habitat to migratory waterfowl, aiding wetland management
and conservation efforts in the Central Valley of California.
6. These results provide an example of how a mutually beneficial solulion can be
achieved that provides reeded waterbird habitat while concomitantly alleviating an
agricultural problem.

Key-words: agriculturs, ducks, siraw disposal, nitrogen, wetland management,
winler habitat,
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(40000 and 120000 ha (Hill er af 1992), A major
by-pradust of this production is 8-10t ka~" of rice
straw residue (Branden #ral. 1995 Traditionaily,
straw residue was disposad of by open-field burning.
However, with the recent implementation of the
California Rice Straw Burning Reduction Act (AR
1378 1991), intended to reduce air pollution jn the
region, farmers are now rsquired to adopt altecna-
tive methods to reduce rics straw. Many farmers in
the Central Valley are winter flooding fallow see
fieids after autumn straw ineorgoration a5 an aller-
native 1o burning. An associated bepefit of this prac-
tice has been the ersation of wetland hahitat for
migratory walerfowl in the Pacific Flyway (Gilmer
et ol 1982; Elphick & Oring 15%98), Winter flooding
significantly increases waterfow] use of fallow rice
ficlds and may provide substantial habicst for watae-
bird populations in California (Elphick & Oring
1998: Day & Colwell 1998). Recently, it has besn
gugessted that foraging waterfow| attracted io
flooded rice fields may provide a reciprocal benefit
to farmers by enliancing straw decomposition in
winter-flooded fields: (Burnham 19951 Wea imitiated
the present study to investigale this possibilivy,

Decompasition of straw residees iz influenced
mainly by cultural praciices, envirenmental faclors
andd seil properties, including soil moisture contene,
temperature and relative unuidity (Pal & Broadbent
19758, 19750 Pal, Broadbenl & Mikkelsen 1975;
Sain & Broadbent 1977 Broadbent 1979, In Cali-
fornta, rice straw typically has o peried of 6 months
(October—March) to decomposs prior o the next
ciop of ree, In a laboratory study, rice straw added
to sodl mineralized 67-74% of it4 carbon (C) under
ontimum  conditions of 60%  soil  owater-holding
capacity and & constanl termperature of 2270 (Pal,
Broadbenl & Mikkelsen [973). Howewver, witlh the
cool winter Lemiparatures | 5- 155 and variable sail
ministure content typical of winter in the Central
WValley ol California, this process is slowed consider-
abily. Field expeviments n California have shown
maore ragpid rates of surfhce straw decomposition
under conditions of shallow winter flooding than
withont winter floading (Hill g¢ ol 1999,

The rele of waterfowl activity on rice straw
decomposition has not been nvestigated previonsly.
The Central Valley of California provides halitat
for large numbers of migratory waterfowl during
winter, including up to 20% of all waterfowl in
Morth Americs and 60% of wintering waterfowl in
the Pacific Flyway (Gilmer et af. 1982; Reid & Heit-
meyer 1993), Historically, up to 40 million birds
may kave used this area. althongh numbers now
range from 2 1o 4 million, Corrently, wetiand habi-
tat in Califorme 15 searce for migratory bird popula-
tions, with only 5-10% of weatland acreage available
compared with that feund in the 17803 (Frayer,
Peters & Pywell 1589; Dahl 1990: National Research
Council 1992), Much of this habitat has been lost

throagh draining of wetlands, primarily for agricul-
ture (Fraver, Peters & Pywell 1989, Wetland con-
sarvation efforts in the Cenmwal Vallev have focused
of initidtives to enhance or restore wildlife habitat
on private lands, particufarly in'the agricultural sec-
tor (Central Walley Habitst Joint Venture 19900,
Recent research has demonstrated that Aeoded rice
fields may provide valnable winter habitat for water-
birds; and thereby allovigte, in part, the loss of his-
toric wetlands (Day & Colwel® 1998, Elphick &
Oring 1598}, Accordingly, considerable potential
exists for rice producers 1o play an imperiand role in
the stewardship of waterfow] resources, What has
not been recognized unlil recently g that the pre-
sence of foraging walerfowl may alio provide recl-
procal benefits to rice farmers by accelerating straw
decomposition. 1f waterlow] activity increases straw
decomposition, as proposed, it could reduce consids
arably the pesd for autumn Gllage Operations, sl a
snbstantial saving to prowers, These mutual benefits
could preatly facilitate wetland conservation effons
in the Central Valley by increasing the likelihood
thal land mansgement practices will change m a
manner that benefits waterbird conservation.
Clzarly, there is a need for a better understanding
of the impact of waterfowl leraging on the decom-
position of rice straw, espacially under flocded con-
ditiens in temperate climates. Our ohjective i the
present stuely was to determine the efftcts of waler-
fowl foraging zetivity, with snd without Gell tllage,
on piee straw decomposition and niltogen wineralis
zation, in a Tallow winler-Nooded soil in Califernia.

Maierials and methods

We initiated a l-year field study following rice har-
vest in October 1995 at tha University of California
rice research facility in Davis, CA, USA. M-103, 4
very ecarly medivm-grain rice variety (California
Coeperative Rice Research Foundation, Tne., Bigges,
CA, USA) yielded approximarely 6000k ha™' on
23 Oetaber 1593, The remaiming rice prain afler har-
wast was approximately 400ke ha—'. The soil at the
field site 13 a fing, smectitic, thenmie, Chromo Hap-
loxerert (Capay siity clay). Sefected chemical and
physical =o0il properiies are shown in Table 1. Treat-
ments were [aid outon o split-plot desizn, replicated
four tmes. The main plot treatments were wet-
rolled or untilled. Solit-plot wreatments were pre-
senoe or absence of waterfow] foraging, Each of the
four treatment combinations was arransed az sepa-
rate distingt field plows (#=14) that werz 25 m’ in
arez (3% 3m) (Fig 13, The erm ‘plot’ vsed o this
paper refers lo the individual field plos (7= 16),
The tillage treatment was eariied out chortly after
harvest in Wovember 1993, The waterfowl treatment
foraging period was apphied from 1w |8 February,
This -design allowed Tor an svaluation of tillage
effects during the first pered of the winter fallow,
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Fig. 1. Hlustretion of plot layost at University of Califor-
nix nice research faciliy, Eack of the individual subplats {a
= [&) waz contained sepavately with levess and was S 5
i, Main plot treatments were wet-rolled or untillad, Splie-
plot treatments were foraged (FG) or non-foraged (WFG)
by waterfowl,

and the effect aod interactions of warterfowl foraging
i the second fallow period,

TILLAGE TREATMENT FLOODWATER
MANAGEMENT

On the plats designated as wet-rolled, straw was
roiled on 7 November with & 7-m long open-cage
style roller using two passes during flooded {8-cm
water depth} conditions. All plots were lemperarily
fMeoded for 2 days during the wet-rolling period in
November, drained, and reflooded o a depth of 10
cm oon 17 January, afler the construction of levees
for each plot had been completed. Each plot was
surrounded by its awn levee and was irrigated with
well water. Water depth was kept constant in each
plot with a float valve on the waler inlet pipe. Plots
werg drained on 11 March,

WATERFOWL TREATMEMTS

Mallards Anar plaivfichor Linnaews were used for
this study because they are one of the most commen
migratory waterfowl species i wellands and rice
fields 1n the Szersmento Valley during winter (Gil-
mer et al. 1982; Elphiclk & Oring [998), Northern
mintal dras acure L, preen-winged teal dias creccal
L., Amercan coots Fulica americane Gmelin and
Morthern shovelers Ares clypenta L. are also
observed in high depsities in Nooded rice fields in
California (Elphick & Oring 1998). The wmtsr diet
of mallards in the Central Valley consists mainly of
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rice and seeds, which they obtain primarily from the
substrate surface:and water colurmm.

Fifty-cight mallard dusklmes were raised at off-
site locations and maintained until early January,
when they were moved to a holding pen at the
experimental site. Waterfowl foraging treatments
were applisd from 1 te 18 February using S-month-
ald pinioned mallards. Five birds were placed in
designated  plots for 12 G-hour periods over the
treatment period. This provided a total grazing
intensity of 144000 bird-nours ha™ and was equiva-
fant 1033 birds e~ aver 4 season aof 180 240 days.
We chose this density based on observatiobs by
Elphick & Oring [1983) and C.8. Eiphick [personal
communication) of waterfowl vse of rice fizlds in the
Sacranents  Valley, They reported densities of
waterfowl during dav-time counts ranging fram 0 to
3% birds ha™' day™". We used densities at the upper
end of this range for two reasons, First, we wanted
to ensure that our waterfow! treatment was suffi-
ciently large that, if an efect of walerfow] activity
exisled, we would be able to detect it in our axperi-
ments. Secondly, studies both in the Central Valley
of California (Miller [985) and in Texas {Anderson
& Smith 1999% indicate thet much of the foraging
actvity of waterfow] occurs at night. Birds rest in
aangingries during the day and move to rice Aelds af
dusk, where they lesd intensively until dawn. Esti-
iates of bird densities during divrnal periods (Day
& Colwell 1998; Elphick & Oring 1993) may there-
fore sigrificantly undersstimate acmal bird vae. 1o
fact, Anderson & Smith (1999 mdizate that divrnal
counts may underestimate shundance by as much as
10-fiadd. To ensure that the density of birds in our
experiment was not too low, we used the upper
rangs of values previded by C.8. Elphick (persenal
sommunication) for dav-time counts,

Ducks were kept on-site dunng the d-wesk freat-
ment period in a securs bholding pen, and wers
herded into plots daily on a 2-day-on, 1-day-off pat-
teri, Giroups consisting of two male and three
female mallards wers selectad randomly and placed
in znclosed treatment basing at approximatsty 08.00
h, and removed at 14.00h, on each of the 12 treat-
ment days. Time budzets were determined for water-
fowl while in the Geld plots using mstantaneons scan
sampling technigques (Martin & Rateson [926) with
[ 5-gecond samphng intervals, Observalions were
reconded daily for ducks moall trestiments, On mast
days, observations werd conduocted in both the
maorning and alternoon.

SOIL AND PLANT RESIDUE SAMPLING

The amount of residual rice straw on the soi surface
was estimatsd on 24 October, 4 January and 18
March by clipping at the soil surface, collecting,
combining, washing 2nd drving subsamples of sur-
face straw from thres 0.25-m’ gquadrats. per plet.

Additionally on 18 March, levels of below-ground
organic residue were estimated by taking six soil
cores {G-om diameter to 1d-em depeh) per plot o
from each guadrat area. Below-ground organic rest-
dues were separaled [romn the soil by washing com-
bined samples usimg a  Gillison Root Washer
(Fillizon's Varnety Fabrications, Ine., Benzoosa, MI,
USA) equipped with a 900-um sieve. Additionally,
soil samples (10 per plot) were taken [rom each plol
o 4 Jarmary, 9 February, 16 February, 23 Feoroary
atd 8 March, ta a [5-cm soil depth, For soil nutrian
analvses. Scil samples were combined for each plot
prigr to processing and analysis. Floodwater sam-
ples (500 ml) were collected on 30 January, 11 TFeb-
ruary, 17 February, 24 February and 1 March fram
eacl plot.

S0IL ANDIPLANT RESIDUE PROCESSING

Surface straw residue and below-ground crgame
matter plant samples were dried at 55°C for T2h
and pround nsing a Wiley plant grinding mill (AH.
Thomas Co, Philadeiphia, PA, USA) to pass a
2000 sieve. Plant subsamples wers taken znd
further ground to pass a 250-um- sisve for total ©
and nitrogen [N} determination, Fibre anzalysis was
conducted on plant subsamples ground o pass a
420-perm-sieve. Soil samples were refrigerated at 4°C
until apalvsiz. Fisld-moist sool samples were mixed
and subsampled for imoresnie ™oand potentially
mineralizahle . N determinations. Remaining  soil
samples were dried at 80°C [or 72 7. So1ls were initi-
ally grovund to pass a 20H-pm sieve far Olzen P,
exchangeahle 1K, Ca and Mg, particle size, cation
exchange capacity (CEC), soil organic matler
(SOMN) and CaCOy eouivalent, Sail subsamples wers
further ground lo pass a4 250-um sisve for total N
and C aoalysis. Flaodwater samples were: frozen at
—11*C until analysis for total N, organic C and
inorganic N (NELT and MNO.T).

Toral O and ™ were determined for all plant sam-
ples using the Dumas dry combustion method—
Corlo-Erba CHN gas analvser {Costech Analytical
Technelogies, Inc., Valencia Califormz, formerly
Fision Instruments S.p.A., Milan, Ttaly) (Dumas
1831), Liznin conlent was measured using the fibre
analvsis method deseoibed by Van Scest (1963)
Field-mois| zoil samples were subsampled in tripli-
cate and extracted with 2 N KO psitg a 3¢ 1 extrac-
tand s soil ratio. Tnorganie W (NHyT and NO57)
levels were determined by automated dicect cenduc-
fivity {Carlson 1986). Polentizlly mineralizable N
levels were sstimated by the T-day, 40°C, anzerobic
meubalion method (Waring & Bremper 1964y, The
resulling inedbation extragts were uantified for
NH"Y and MOs lewels a2z indicated previously: N
and € levels are expressed an a doy sail basis, Total
soil C and N were determined wsing the Dumas dey
combusticn method-Carlo-Erba CHN gas analyser
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(Dumas 1831}, Inorpanic soil © (CaCO, equivalent)
was measured gravimetrically by reaction with HCI
using a saturated soil paste. Soil organic © was cal-
cutated by difference by subtracting inorgame soil C
from total soil C. Total N in'the Qoodwater samples
were determined by the Kjeldaht digestion methed
and guantified conductimetrically (MNelson & Som-
mers 1982). Total erpanic C in the floodwater was
measured by UN-persulphate oxidation using a
Shimadze  Soluble Carbon Analyser (Shimadzu
Scientific Instruments, Ine,, Pleazanton, CA, USA).
Suspended sediment concentrations i the food-
waler samples were quantified gravimetrically by
filtgring a 20-ml aliquot of Aoodwater over number
42 Whatman filter paper

STATISTICAL ANALYSIS

Main effects of dllage and waterfow] were tested
using & general linear model (GLM) test designed
for the split-plot design. The tillape by replicate
ereor (3 degrees of freedom; d.f) was used as ths
error term n the GLM for the vafilled va. wet-rolied
treatment (4.0} The replicate by waterfowl by tl-
lage error (6 4.0) was used as the error term in the
GLM for the waterfowl vs. no waterfowl reatiment
il d.£) and the tillage by waterfowl interaction (1
d, £, When there was a significant tillape by water-
[ow] interaction, pairwise comparizens between indi-
vidual preatment combinations wers  performed
using adjusted Bonfarroni -tests and are indicated
m the text when used. The efféct of tillape without
watarfowl was assessed by using Bonferroni i-tests
after waterfow] treatments were applied, AJl data
are pxpressed as leasl-squares means with standard
errory of indicated [reatments. F statistics and P-
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values are indicated in text and tables for all GLM
procedures, A significance leval of £ < 04035 was zet
a priorl asg the e-level, and P-values ars specified
batwesn 0405 and 0-200in tables and text 1o frailitate
data interpretation, P-ralues greater than 0-20 are
mdicated simply as NS (nom-signmificant) in the
tables. Studentized ¢-tests were performed on the
straw diameter data because only two of four replhi-
cales were sampled. Adisted Bonferroni r-tests
were performed on soil inorganic N and potentiaily
mineralizable W datz to compars values among sam-
ple dates within the sampling period, All statistical
tests were performed sing SYSTAT wersion 7.0
(3YITAT 1997; BPSS Inc., Chicage, IL).

Results
RICE STRAW DECOMPOSITION

Rice straw residue remaining on the soil after har-
west in October 1995 was 3428 kg ha™" (£ 263) dry
matter, Residual surface straw blomsss was mea-
sured during the winter tellow period (Fiz. 21, Initial
surface straw biomass in October was not signfi-
cantly dilfarent among the treatments (Table 2},

At the end of the inital non-floaded winter fallow
period (Qctober=lanuary), less straw remained in
wetarolled plots compared with wntifled (Fig. 2.
From hareest to ¢ January, wet-rolled plots [oat
over half (53%) of the residual surfees straw com-
pared with 27% lost in untilled plots (Table 3), Wet-
rollitg resuited in o lowsr N concentcation and
higher /3 ratio of stzaw residue rematning tn Jznu-
ary (Tabled).

Daring the second period of the winler fallow
(Tanuary=Narch), the waterfowl freatment  was
applied. The foraging activity of waterfowl signifi=

Waterfowl

Winter floaded

(=
Februazy

hiarch

Autumn 1995 — winder 195G

Fig.2. Effeets of tillege and waterfowl zotivity on surface straw, biomass after harvest, October 1995 (dry matter). Lesst-
sousres means and standard errors are shown (=4} The pariad of waterfowl Foraging was from 1 1o 18 Febroary and
plots were continuously flooded [rom' 17 Jagwery to 11 Marck iooa 10-é¢m: depth. Time labels refer to the frit of each

manth,
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Table 2. Statistical efects of tillage and waterfow! foraging on rice straw bigmass during the winter fallow period 1993-05

Surface straw biomass

Effect 7 aratistic! P-vabae 24 (et 4 Jan 18 hfar
Waterfowl (W) & i1 = 219.0

P ™S - < (.001
Tillage (T F 29 3l.1 48.2

ol MS 1.006 (L0065
WxT £ 0.6 - 3l

i s - (L00]

Table3. Effects of tllage and waterTow] foraging an sucface straw percentage logs durng the winter fallow period 199526,
Percentage surface straw loss figures were caloulated as loss Trom that remaining at the start of the pericd andicared {dry
maller), Least-sguares means and standard errors Gre given in parenthesss (o= 4}

Walerfowl Post-hvarvest tillage
MNuone Wet-rolted
Mona Untilled
Warerfow] Wet-rallad
Waterfow] Uniilled
Fatatistic! P-valie
Waterfowl (W) )

I]_'l
Tiliage {T B

F
WxT £

"

Surlace straw residue loss ()

Oce—Jan Jen-Mar Oct=ar
56 (4 41 {&) T4
26 (5) 27(5) A1)
54 () 72 ) 87.(2
2B(2) T3 243

- 101.6 2311

= < 0.001 <001
333 0.3 9.2

0.0 S 0.00E

= 5.1 LR

= 0063 < [L06E

cantly raduced residual surfiee straw biomass in the
urtilled and wet-rolled plots (Fip. 2 and Table 2).
Waterfow] foraping had a significantly greater effect
on straw Ioss in untilled plots compared with wet-
rolled, as indicated by a significant waterlowl by til-
lape interaction for bicmass and percentage loss
{Tables 2 and 3). From Goteber—March in wet-rolled
plots, surfnce steaw loss was greater in foraged
(87%) than in enforaged plots (T4%; P=0.008;

Table 3}, Waterfowl foraging had an even prealer
efleet in wntilled plos, with 82% surfzce siraw loss
in [oraged plos compared with 46% loss i unfor-
aged plots from October—March (£ < 0:001), Addi-
tonally, untilled foraged nlots (B2%) lest shghily
mare steaw thas unforaged wet-ralled plots (7%
P=0-073). Swface straw loss was similar in foraged
wet-rolled plots (87%) and foraged untilled plots
(32%; P=104465; Table 3).

Tabled. Bffec: of tillape on chemical composilion of serlace sieaw 6 wesks after tillage at 4 January (596, Averages pre-
sented pre for non-foraged plots Least-squares means and standard ervers are given in pareniheses (n=4)

Chemical composition (gke™")

Post-harvest tilage C W Lignin LN LN
Wet-rolled L 440,23 53 (1) 67(2% 4.9(0.3)
Llntilled 3SR 81403 5440 60.(2) 2.1 ¢0.5)
FFostatistcs Mvalue

Tillage (T) F <111 9.1 <01 14 20

s ME 0057 NS 047 Fy b
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Fig. 3. Surface siaw [rom the waterfow] foraged plot (left) and unforaged plot (right). Both samples from the wntilled treat-
ments were sampled in March 1995 a1 the end of the winter Fallow pericd.

Owver tha entire fallow sesson (Octobar-March),
surface amwaw loss in unforaged wet-rolled plos
(74%u) wasz significantly greater than in unforaged
untilled plots {(46%; £ < 00011, During the sccond
half of the winter fallow (Tanuvary—hdarch), unfor-
a;__:{:d wet-rolled plots lost more of the straw remain-
ing from Janoary (41%0) than the unforaged antilled
plots [27%); however, these means were not sigaifi-

cantly different {#=10.296; Table 3).

The surface straw collected in March from the
plots grazed by waterfow! had a smaller mean dis-
meter (1-3 & 0.1 mm) than from plots without water-
fowl (3.7 £ 02mm) (=147 P < 0001) This
significant difference @ Nicther illustrated in Fig 3.,
In March, straw diameter in wet=rolled and untilled
wis simalar (f = 02789, P =0.70).

Waterfow] Foraging affected the chemienl compo-
sition of the remaining surface straw (Table3),

Tables. Effects of tillage end waterfowl foraging on chemicel composition of surfece stzaw at 18 Macch 1996, Least-
srpwares means and standacd errors &re ;r_:iU:n in parentheses (=4}

Chemical compasition (o ke~

Past-harvest

Waterlowl tillags [ M Lizni C/N LiN
Mone Wel-rolled 3700 .6 {0.2) 65 (4 3501 103 (0t
MNene Untilled 361 12 7.51(01) 04 48 113 9.4 {1.1)
Woterfomw] Wet-rolled 317 i4) 54.00.2) [ ] 382 1.0 {05
Waterfowl Untilled 37 05) S8 (0.3 G208 &0 (1) s {100
F sratistre P-value
Waterfow] (W) F RE3 2704 2.4 3.6 | P

P <0001 = (1,001 0,024 0,001 0013
Tillagz T F 26.9 527 03 T4 4.9

y 0014 (.005 NS 0.073 k110
W T F 27.4 53 0.6 57 .1

il 0.2 (R e8 NS [.025 N5
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Table s, Efects of tillage and woterfowl Toraging oo below-ground orpacic residue biomass and 2 chemizal composinon,
Mlarch 1996 (dry matier]. Least-squares means and standard sreors are given in parentheses (n=4)

Chemical composition (g kg™

Past-harvest Yield
Waterfowl tillage ik hahy c N Lignin oM LI
Mane Woal-rolled 4375 0275% 347 (16} |27 {0.5) [ {2} 27 {1) 11613
Mone Untalled AGE1 (723} 38 (22} 13.3 [.5) 154 {5 2642} 1201
Watorfowl Wet-rolled 3969 (145 167 (7 122030 154 {3} 01} 1360
Winler fowl Unlilied 4185 (351) 5407 12.3.(0.6) 137 (™ 51 11
I stetistio!Povalue
Waterfowl (') F 23 0.3 1.8 0.9 ol r3

P WS NS ™5 NS 0049 M3
Tillage (T) F <111 0.1 33 o] 2 20

P NS NS 1164 NS (DR NS
WaT F 0.2 0.2 .1 143 =0,1 1.3

i NS NS M5 0.06s NS M5

resulting in & lower M and O concentration and a
greater C/MN and lpnm(MN ratio of the remsining
residue in the spring in both foraged untilled and
wet-rolled plots. Foraged wet-rolled plots were more
depleted in C and M than foraged untilled plots,
resulting ina signifieant wateefow] by tillage interac-
ton for © (P=0002) and C/N ratic (P=0025): &
similas trend but non-significant interaction was pre-
sent for ™ P =0.062).

The cifects of tillage and waterfowl were not cvi-
dent in the below-ground organic residue yields, and
values wers similar in the top ldem of the soil in
March (Tablet). Below-ground orgenic residoe
vield was 4115 (= 195) kg ba~tin March. Addition-
allv &t the end of the winter fallow period, € and ™
conlent i the below-ground orgamic residue was
similar and averaged 353 g kg™ total € and 127g
kg' Uiatal M for all treatments [ Table f:j. A 5]:ig[‘:|l.|:,r
lower C/N ratio; however, was observed in below-
ground organic residue remaining in the unforaged
plots at the end of the winter fallew peried (P=
0089,

FLOODWATER: SUSPENDED SEDIMENT, N
AMND O

Waterfowl foraging activity suspended organic par-
ticles and sediment in the foodwater, On owo dates

of five during the foraging veried (11 and 17 Febru-
ary), suspended szdiment and organic © concentra-
tions were higher in floodwater sampled from
foraged plots than control plots at a £ < 0205 sigmi-
weance level (TableT), Crpamic © was also slightly
higher in foodwater in foraged plots oan 24 Febru-
ary (F=3T P=0.103): Five days.after the end of
the foraging period, no differsnces in suspended
sediment  levels were detected among the flooded
treatmants, even though the Aoodwater in the duck
plots remained visibly cloudy, MWitrogen concentra-
tions in the surface water averaged 295 (£ 0-13) mg
17! total N, 0:40 (£ 0:01) mg 17! NH¢-N and 0.02
{4 0001 me ™) NOs-N, Nitrogen levels were simi-
lar in all treatments for each form of mtrogen mea-
sured.

Z0IL N-AND C

Soil organic C, total ™, exchanpeable WHy-IN and
MM werz monitored to oa 15-cm soil depth
thronghowl the study, Total soil extractable inor-
panic N concentrations (NHs;™ and WO renged
from 39 to 99mgN kg™ throughout the winter
sampling period (Fig. 4). Levels of extractable inpr-
papic M were higher peior to winter flooding on 4
Tasuary (815mg N kg™!) than after winter fooding
on 9 February (461mgMN kg™'; r=3585 P < (01).

2

Table 7, Eifect of waterfowl forumng on suspended sediment and organic carbon in floodwater. Least-squares means and

standard ervorg are given in parantheses (n=8)

Sedimeat (ma LY

Organie C{mg L™")

Waterfow] 31 Ian 11 Fab 17 Feb 24 Feb 1 Mer 31 Jan 11 Feb 17 Feb 24 Feb 1 Mar
MNone 358 (36) 6223 2014 616(51) SN (31) A5(03)  F0(03) RS0 &3{03) 3703
Waterfowel 388 (46)  T63 (T2} 660 (24) 636{42) 662(60) 43002 6.0{04)  2.5708) 53403 3.2 (0.3)
Fstatistic) P-value

F .6 6.0 1.1 1.5 |.4 0.2 19.0 10,5 37 3.1

P MNE 0.043 0.00% NS ME ME& .o 0017 0,103 0.130
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Fig. 4. Total sofl extractable inorganic M {MH-N and NOy-N) during the winter fallow period. Soit =15 ocm- depth, Leagt-
sfunces mepns and standard errocs gme shown {(n=43 The pencd of waterfow] foraging was from 1 to 18 Febrozry and
plots were continuonsly fooded from 17 January to 1 March tooa 10-Cio depth, Time labels refer to e fst of ecch

maonth,

Inorganic ™ coneentrations were higher again by
late February, ranging from 426mg ™ kg~' on 16
February to 7-38mgN ko' on 23 February (1=
516, P=00017 and T24mp N k;‘.:'l onl B March (f
=506; P=0.001). Sail extrzctable inorganic W con-
centrations were similar during meost of the study in
the forapged and unforaged plots (Table 8), Early in
the waterfowl treatment period a significant interac-
Hon was present in extractable inorganic ™ (P=
(h043: Table®). This initial intersetion was slight
and was not found later in the study. Two weeks
after the end of the waterfow!] treatments, foraged
trealments bad lower extractable ™ concentrations
in the respective illape treatments (= 0023), Wet-

rolling did not significantly affect extractablie inor-
ganic W (T'ablz 8).

The level of potentially mincralizable soil N var-
1ed Nictle throughout the winter sampling penod bul
dechined slightly a5 inorganic N concentrations rose
i late February (Fig, 5). Potentially minerahanble N
was significantly lower on 23 February than on 16
February (i=44% P <0004y and medsorements
made prior to this date. Potentially mineralizable N
measured on 8 March was not significantly different
from easch of the other sampling dates, Potentially
mineralizabie soil N was not signtficently aflzcted by
tillage but was lower in the waterfowl foragad treat-
ments during the waterfow! treatment period on 9

TableB. Statisticel effects of tliege and waterfowl foraging on soil extractable inorganic ™ (NH=N and NO5) and poten-
Lzully mineralizable M during the winter fallow period 199596, Sail 0-15em depth

Sample daze

Effect F stagistic/Mvalue 4 Jan 9 Feb 16 Fea 23 Feh & Mar
So1l extractabls inorganic M
Waterfowl (W) i - [0 1.0 17 e

P - NS NE ME 0,023
Tillage (T3 r 0.5 0.7 1. 43 (15

r NS NS NS 0.13 NS
W T F - fi.fh b4 <l.] 3.0

2 - {.043 i NS 0,133
Soil mineralizable inorganic ™
Waterfowl (W) r - 1.8 3 <[] =0

r * (1.0 0102 NS NS
Tillzge ('Y F 0. i 0.2 (1.3 <l

P s 047 NS M5 NS
WaxT i 3 <0.1 <0l L3

v 0.15% b [E NS
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Fig, 5. Potentially mineralizable N during the winter fallow period. Soil 0-15em depth, least-squares means and standurd
errors are shown (n=4) Period of watlerfow! foraging was from | lo L8 February and plots were continoously Bonded
from 17 Tannary o 11 March to a i0-cm depth. Time Inbels refer to the first of 2ach month

Fehroary (Tahle 8). All plots had smilar total soil ™
and organic C (Takle &)

WATERFOWL TIME BUDGETS

Timme budgets of mallacds on all plots were similar
1o those reported elsewhere for mallards during win-
ter (Jords 1981). The birds spent much of their time
feeding (40-55"%), alert (7-13%0), moving (9-13%0)
or In maintenance activities (20-33%; Tabls 105 A
diurnal pattern in activity was evident (active feed-
ing i the morning, loafing and preening in the
alternoon). Aggression was slight (= 19%4) and the
birds spent some tme mm courlship (< 1%, indicat-
ing that they had acclimated to the sxpermental
sitation.

Straw treatment (wet-rolled vs. tilled) in fHooded
plots had few effects on mallard time lbudpsts
(Table 100, MNone of the behaviour categoriss differed

stimificantly between treatments, although there was
a trenel for conrtship to be slightly higher on untilled
plets (Table 10). However, as l.:-::-l.'.-rtshi[:l WAL PEner-
ally rare [ = 1[%), this difference was probably not
meaninzful. During the walerfowl treatment period,
the amonnt of tims spent foraging by mallavds initi-
ally  increased {zeclimation o the experimental
plals) and hen decreased (.M. Hadiz, mmpublished
daty), This suggests that hirds may have consumed
most of tha available rice and invertebrates in the
plots by the end of the study, Monetheless, the pro-
portion of fime spenl foraging never dropped below
15%, ranging from 35% to 50% of daily dme bud-
gets over the treatiment period,

Discussion

[he primary post-harvest ohjective of rice producers
is to eliminate residual ee straw efficiently over the

Table9. Effects of tillage and waterfow] foraging on soil otal N, organic C and O/ rato, March 1996, Lesst-squures
means and stundard errors are given in parentheses (=41, Soil (-5 cm d=pth

Post-bharvest Oirganc © Toral ™M
Waterfowl tillege [zkeh (kg " il
Mame Wet-rolled 3305 0,52 (0.04) 0.0 {0.2)
Mone Lhitilled 8.5 (0.3) (57 (02010 5.8{0.3)
Waterfowl Wer-ralled 3.5100.5) 054 (L0440 9.0 {13
Waterfow] LIntilled 2.2 70.5) 0,92 (0.05) 9.7 (1)
F statisticf P-valus
Waterfowl (W) b Gl 0.3 0.

P M5 NS N5
Tillege (T} P 0.l 0.1 0.4

E M3 I 3 NS
WaxT F 13 33 0.6

fi S 0120 NS
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Talle 10, Comparison of time budgets (porcentags of tme in each activity) of mallards in wol-rolled and untilled treatment

plets. Means (8E)

Treatment

Hehaviour Wet-rolled (m=359) Untilled {n =61} o 2y
Frading 334 (2-5) AlE (33 0:2g =73
Maintznancs 16-5.{2-6) 260 (2-8) 0-43 = [R5
Al 9.5 {10} R 123 = (20
Maoticn 140:5 {08} 104 {1-2) 072 =45
(.'.I:IJTtsE'.ip 0.3 {01} 0.0 {2y 203 0-035
ApEressinn 020003 0.2 {1} 0-62 > {156}

*ptest based on arcsine (squars-root) transformed dutu.
t8ignificant alpha value afier Bonfzrroni correction a= 0008,

winter fallow period before spring field preparation
beging, We found that wet-rolling with winter flood-
ing sizpificantly incrensed surface straw loss by 28%
compared with untilled unforaged plots. This result
was expecled, asg Lllape and flooding have been
shown to hasten surface straw loss (Ml e al. 1999),
In nntilled plots, over hall of the straw remained
{2974 kg ha~ ") in March, Depending on straw yields
and the time wvailable for spring field preparation,
untilled unforaged winter fallow lields wounld prob-
ahly result in a nwmber of agronomic problems for
rics '[IFUI::I.UC{::'H. Wel-rolling with winter flending, in
contrast, led to a loss of 74% of the straw from har-
vesl by March; wet-rolling has caused no yicld
effects in recent trials in Califorzia (Hill et ol 1999,
Wel-rolling did not reduce average straw diameter
or incorporate straw into the soil. The resull of wet-
rolling appeared to be Aattening of a portion of the
straw ento the surface of the soil and cracking of
some of the straw and crowns. The effect of the
mechanical manmipulation of the residual surface
straw due to wet-rofling may have increased decom-
position by providing more soil contacl and greater
accessibility of straw/erown interior tssue Lo micro-
bial decomposers, This i3 supported by the lower N
content of the residual straw in welrolled plots
compared with that in the untilled plots, Wet-ralling
is clzarly an effective tool to reduce residual surface
atraw.

Large populations of migeatory waterfow] inhabit
fionded rice felds during the winter-fallow period
and Forage for grain, weeds and invertebratos (Day
& Colwell 1998; Elphick & Oring 1998). We found
that waterfowl foraging sotivity significantly affected
the amound, composition and physical condition of
surface straw residue in both the untilled and wet
rolied plots over the January=barch period (3. the
period when waterfowl were present on the plods),

Waterfowl foraging increassd straw loss from Jan-
uary to March by a factor of three in the untilled
plots and By a factor of 1.75 in the wet-rolled plots,
compared with loss tates in the respective unforaged

plots: The enhanced decomposition cffect of water-
fowl in the untilled plots compared with the wet-
rofled plots may be due to the fact that, in the wer-
rolled plots, there was 25% less straw, the remaining
siraw bad less N, and it had been physically dis-
turbed by the time waterfowl foraging began, In
essence, the preater waterfowl effect in the untilled
plots may have already been accomplishud by the
{illage in the wet-rolled plots.

The extent of surface steaw decomposifion i for-
wped wet-rolled plots (87%) and foraped untilled
plots (82%) indicates that hoth (reatments were
highly effective at reducing surface siraw, resulting
in less than 1000 kg ha™" dry matter. No additional
henefit in straw loss was apparent statistically when
combining wet-rolling and waterfow] foraging com-
pared with waterfow] foraging alone. Chaly a slightly
preater increase in loss over the winter fallow periad
(5%} difference was seen when both wet-rolling and
foraging were applied compared with foragmg
alone. The remaining straw O content was reduced
slightly when wet-rolling and waterfowl foraging
were both employved, compared with foraging alons;
however, the straw N copcentration was similar in
boeth foraged untilled and wet-rolled plots. From a
practical perspective, both tillage options examined
in cenjunction with waterfowl foraging provide ade-
guate reduction of surface straw, because they
reduced residual levels to an amount equal @0 or less
than wet-rolling alone.

Waterfowl visibly shredded the surfece straw dur-
ing foraging, Mallards crushed and tore the straw
residue in their bills while searching for invertebrates
and tesidual gram. This mechanical effvel was
apparenl not only in the differences szen in the
amount of remaining straw, but also in the much
smaller zverage diameter of the residual steaw after
foraging. The foraged residue was dissimilar in both
texture and appearance (Fig.3). Finer fextured
remaining straw may ease spring tillage cperations,

Car results differ rom those reported by Sain &
Broadbent (1977), who found no effect of steaw par-
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ticls size on rice straw decomposition when residues
were left on the soil surfece, In conlrast to our
study, S[zin & Broadbent (1977 examined (he
decomposition of rice straw in mesh bags enclosed
in cheesecloth, which minimized stravw—soil contact.
By minimizing soil contast with the straw residue,
the critical effect of decomposer nocess to the resi-
dues was decreased, possibly reselting in no effect of
straw particle size.

Below-ground ovganic residue yield was nnafs
tected by waterfow] foraging, indicating that water-
fowl did not incorperats the straw in the top l4cm
of zoil. A similar C and N content was found in tha
below-ground organic residue, although there was o
glipht increase i the C/N ratio of the remaining
steaw i the foraged plots; this may indicata mors
decompozed straw residue in the soil. Suspended
sadiment and organic C levels in the floodwater
were increasad during watcrfowl foraping, illustras-
ing the agitation of the straw and sodl cavsed by
feeding acdvity, From the dale gathersd, iU appears
that the effecls on straw decomposition for Both
waterfowl and wel-rolling occurred mostly at or
above the soil surface and in the foodwater,

While N content in the residual surface straw was
significantly less in the foraged and tilled treatments,
there was little evidence of differcnces in zoil N
eveling over the winter [illow periad due to these
treatments.  Mitrogen  concentrations  in below-
ground organic cesidue  were not sigpificantly
affected by treatment. Concentrations of total sotl
M, ficodwater total M, soil extractable inorzanic ™,
and potentally mineralizable so0il ™ owere similar
throughout the winter, Levels of extractable inos-
panic' N decreased after winter flooding but
increased again by late February, Ac the same time,
potentially mineralizable scil N decreased. This may
indicate o turnover of the microbial momass dus to
the onset of flooding. At the end of ths waterlowd
treatment period, foraged plots had shpghtly less
extractable inorgamic M, a result that may indicare
M immobilization due to greater available C. Poten-
tially minevalizable sofl N was not affected by tillage
bur was lower in the waterfowl-foraged treatments
near the end of the waterfow] treatment period, ™
from decompesing straw may have besn lost to the
atmosphere via denitrification or immobilized by
micro-organisms at the soil surface.

Chur resulis demonstrate that [oraging mallards
can substantizlly inerease siraw decomposibion inoa
fallow, flooded, nee feld, However, several ques-
tons remain for further study, For exampls, we
focuzed only on the effects of walerfow! [oraging in
fooded rice fizlds. While the presence of foodwater
may enhance the impact of waterfowl by atiracting
large numbers of birds (Day & Colwell 19G8;
Elphick & Oring 19%8), dry ficlds may benefit as
well, Large nombers of peese, as well as American
coots, nerthern pintails, mallards and  American

wigeoll Anay americenag Gieelin, feed inunflosded
fields and may enhance straw decomposiden. None-
theless, BElphick & Oring (1998) and Day & Colwell
(19987 foumd that both density and diversity of
waterbird species was significantly higher in flooded
rice fields, indicating that the maximum impact of
waterfowl would be obtained by winter Noosding.
Flocdwater depth, held constant for this study at 10
cm, may further mfuence these resuls, Water
depths can significantly influence the density and
species composition of waterbirds in rles felds (Day
& Colwell 1998; Elphick & Onng 1998], although
depths of [5-20cm appear to stiract the greatest
number of birds (Eiphick & Cring 1998), The great-
est impact of waterfowl foraging might be achieved
oy maintaining depths. of focded felds in this
TEDEE,

Waterfowl may provide benefits to farmers o
addition 1o enhancing straw  decomposition. For
example, loraging ducks mav reducs insect and
weed pest populaticns. Preliminary data [rom cur
study indicate that foraging mallards removed much
of the invertebrate biomass (mostly Diptera) in the
flooded rice plots (J.M. Eadie, unpublished data).
We did not examing the affects of watarfowl fora-
ging on weed seeds but studies ace currently under-
way. Ressarch i alss needed on the impacts of
differant species of waterfowl on rice straw devom-
position. Feraging behaviour varies considerably
among species of ducks and poese and 10§ possible
that mixtures of species will yield different {and per-
haps additive) impacts on slraw decomposition.

Perhaps the greatest single reszarch need 15 to
determing the density of waterfowl that must be
attracted to, or maintained on, Aooded oice fields to
achicve the greatest effeet on straw decomposition,
The densities usecd in this experiment (zquivalent to
33 birds ha™ over a 180-day season) were within
the range of regionally obsseved values, althongh at
the upper end of the repored tange. However,
because all stedies of waterbird nse of rice fizlds in
California have been based on diurnal surveys (Day
& Colwell 1998, Elphick & Oring 1998), and because
these wvalues meay undorestimate soetual bird density
by a factor of 10 when neclurnal wse s considered
{Anderson & Smith 1999), we may have, o fact,
used densities Thal were on the low side of actual
densities, The rue impact af waterfow! foraging on
rce straw decomposition conld be even greater than
we Teporl,

We recognize that the size of plots {55 3m) used
in this stady are much smaller than the average size
af rice Gelds (=10 ha) in Califermia. Although o is
clearly desirable (o lesl our results ol a Jorger scale,
the faet that the mallards in our stady behaved simi-
larly to that expected under nateral conditions sug-
gests thal our findings should be reproducible (Ge.
the small size of our plots did not introdocs
abnormalities or artefacts), We also note that our
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waterfowl treatments were concenlratad in Hme (Le.
applied over a period of |8davs). However, this
probably mimics the actual use of deg fields by
waterfow] in the Central Walley of California. Typi-
cally, large Mocks of waterbirds ocoupy rice fields for
refatively short periods, during which time they pee-
sumably deplete the food supply, and then move on
Ly ather fields. Short concentrated use of rice fields,
rather than low lovels of extended use for the entirg
winler, are chardcteristic of California and  our
experimental design therefore represents realistic
canditions.

Il the results of our study =re representative of
patterns in the Cendral Valley (ie, ‘scale-np’ to the
landscape level), there are several important man-
agement applications. Firsl, by attracting waterfowl
to flooded fallow rice fields, prowers mizght realize a
substantial agronomic advanlage by using waterfowl
to accelerale decomposition of residusl rice straw
after harvest, Indsed, the mapnilude of the water-
fowl effect that we observed in oor study sugpests
that the need for antumn tillage could Be reduced or
even eliminated when fooded felds are used by
waterfowl al densities comparable o those observed
regionally. No additional benefit of combining wet-
rolling and warerfow] foraging was measured, sug-
gesting that the reduction in residual ries straw
could be sccomplished by waterfow] alone. [ s,
fatimers could realize considerable savings in ifimz
and money; lor example, estimates of the cost of
chopping, ploughing or disking residual rice straw
range from $25 to $125 ha™' (Blank e al 1993)
Relling may be cheaser (59 to 515 'Y but sl
represents a significant cost to a grower over a large
acreage. The cost ol water for winter fooding needs
to be considered to evalnate [elly the sconomic
advantages of this approach, althongh many [armers
currently flood rice felds post-harvest in addition o
tilling operations:

A gecond important manzsgement application of
our work 18 that agrenomic advantages of attracting
waterfowl o rice fislds post-harvest could provide a
competling incentive for rice fermers 1o flood allow
rice fields during winter, Tn doing so, femers weuld
help to provide critical wetland habitat for the larse
numbers of migratory waterfow! and other watee-
birdls, Wetland habitat loss, a5 a consequencs of
agricultural conversion, has been extensive in MNorth
America (Dakl 1990%, a3 well as in the rest of the
world (Duscan er al, 1999), In California werland
loss has been reduced at a greater rate than any-
where in the rest of the USA (Frayer, Perers &
Pyweall 1989) wet over 20% of all waterfow! in Nordh
America depend on these areas during winter (Gil-
mer 2f af, 1982; Reid & Heitmever 1993, Wetland
congervation and restoration efferts in the Cenrral
Yalley have focnsed on developing innovative solu-
tioris 1o esnhance wildlife habitat on asricultaral
fands (Central Valley Habitat Joint Yenture 19900,

Recent research indicatzs that Heoding rice fizlds
during winter can play an important role in these
progratimes by providing valuable wellend Babitat
(Day & Colwell 1998: Elphick & Oring 1998). Our
wark ig the first (o demonstrate empirically that reci-
procal bensfits may acerne o growers, thereby help-
ing to promote changes in land management
practices that will ultimatzly beneit waterbird con-
servation in the agricultural landscepe.

Muanagement recommenidations

While we feel that our methods represent realistic
conditions found in northern California, future stu-
dizs should consider the affects of additional specizs
af waterfowl, diffsrent densities of birds and a widsr
temporal and sparial scale of experiments. Saveral
research projects ave cursently undarway in Califor-
nia to address these jzsues, Civen owr current unpder-
stending of waterfowl affects on rice  steaw
decomposition, we recommend the following.

1. Rice procducers should consider agronomic prac-
e thatl attract walerfowl, such as winter Aooding
o maximize the decompaosition impact of foraging
watetfow], Water depthis of 10-15cm are muost likely
to attract the greatest numbers and diversity of fora-
zing waterfowl],

2. Al the upper end of regionally observed water-
fowl densities, al or near 33 birds ha™' 180-day
seasan ™ wararfow] foraging activity may alleviale
the need for avtumn tillage. Farmers showld evalu-
ate the potential cost savings of reduced or alitni-
nated automn tillage operations, relative to the cost
and benefits of winter Tooding.

3. Boil M pools did oet appear Lo be afccled by
waterfowl foraging over the cowrss of our expori-
ment. While these studies should be repeated at lar-
ger scales and over longer time periods, our results
sugpirest that changes in [ertihzer W needs currently
are not warranted, Future research will be required
o determine if waterfowl use of ree fields affects
eoil N eycles over multiple vears,
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