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TREE AND SOIL NITROGEN RESPONSES TO ALTERNATIVE GROID
COVER MANAGEMENT STRATEGIES IN ORGANIC
APPLE PRODUCTION
Abstract
Daniel Gerald TerAvest, MS.
Washington State University
August 2009

Chair: John P Reganold

Organic mulches and cover crops are options fordvomtrol, nutrient supply and soil quality
management in organic orchards. This study exasrtime effects of ground cover management
and compost rate on 1) tree performance, 2) inteywing and partitioning of apple tree N, 3)
N-use efficiency, 4) soil N supply and 5) soil lmgical activity. Wood chip mulch, cultivation,
brassica seed meal and bare ground treatmentgecksnlhigher fruit yields and tree growth,
regardless of compost rate, than legume and namrlegcover crop treatments. Trees with
wood chip mulch had greater dry weight and N acdatian in vegetative tree components than
cultivated or legume cover cropped trees. Frwetdyin the cultivated treatment was similar to
the wood chip treatment, despite reduced vegetagnmvth, as the cultivated treatment
partitioned more dry weight into fruit (44%) tharetwood chip treatment (31%). In the legume
cover crop treatment, 20-100% of cover crop biomdswas derived from compost in the
legume cover treatment, reducing compost N-useiefity by trees compared to wood chip and
cultivation treatments. Tree reserves were an rtaposource of N for fruit and leaf growth in
all treatments, but more so for trees under cuitva Trees allocated 72% of spring N uptake
into leaves and fruit and 71% of summer N uptake imoody tissues, bolstering N reserves.
Compost rate influenced total soil N, while growwoyer management affected the soil microbial

community, but not total soil N. From Septembe®2@0 September 2007, the high compost



rate increased total soil N in the non-legume cowep, wood chip mulch and cultivation
treatments. Wood chips and brassica seed meakised earthworm densities compared to other
ground covers. Root colonization by mycorrhzaldiuwas greatest in non-legume cover and
unfertilized control treatments and cover-croppingreased soil microbial activity. In this
experiment, improvements in soil N supply and nbgibactivity did not always translate into
better tree performance. Wood chip mulch offerleel best balance between improving soil

quality and enhancing tree performance in a youggrac apple orchard.
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CHAPTER 1

GENERAL INTRODUCTION

Organic apple production is becoming increasingbpular as it is not as reliant on
inorganic fertilizers and synthetic pesticides aad bring price premiums for growers. Instead,
organic apple production uses compost and othenacdertilizers to supply nutrients to trees.
These organic sources are often more expensivené@tain and Mullinix, 2008), and release
nitrogen (N) slowly, which can result in poor yigldnd low leaf and fruit tissue N levels (Delate
et al., 2008). Improving organic fertilizer-use efficanis critical to increasing cost efficiency
in organic apple production. Integrating organiglches and cover crops into apple production
systems has been proposed as a means to imprdds, yieitrient availability and long-term
sustainability.

Organic mulches, cover crops and organic fertdizeich as compost, add large amounts
of organic carbon (OC) to the soil. Decomposit@oml nutrient release from these additions can
increase soil N, C, and microbial biomass and ckaihg composition of the soil microbial
community (Laakset al., 2000; Wardlest al., 2001). However, studies of organic mulches and
cover crops in fruit production have returned bptisitive and negative results. Sanchkeal.
(2003) and Hoaglane al. (2008a) reported increased soil N availability @nchore active soil
microbial community using both legume and non-legutover crops. However, Marghal.
(1996) observed that non-legume cover crops redtrogdyield and tree growth compared to
leguminous cover crops. In these and other studipsoved soil quality did not translate into
increased tree growth or vyield, likely because ampetition between trees and cover crops

(Neilsen and Hogue, 1985; Sancleeal., 2003; Hoaglanet al., 2008a). Forget al. (2003) and



Yao et al. (2005) reported that organic mulches such as vebgus, shredded paper and alfalfa
increased soil microbial activity and N turnovemcneasing N availability and fertilizer-use
efficiency. Conversely, Larssast al. (1997) reported that N was immobilized in woodpchi
mulch resulting in N deficiency, despite high lesvef N fertilization. Brassica seed meals are
another possible soil amendment which may servanasrganic source of N (Balesh et al.,
2005), a biological control for pathogens (Cohed Blazzola, 2006) and a biological control of
weeds (Hoaglanet al., 2008b)

Using herbicides to maintain bare ground in tr@esris the most common practice in
conventional apple production; however lower soiul C content have been reported in these
conventional systems compared to systems usingiorgaulches and cover crops (Sanclkeez
al., 2003). Likewise, cultivation, the most commoragiice in organic production, can have
detrimental effects on soil N, C and the soil mimab community, reducing soil quality and
nutrient availability (Cambardella and Elliot, 199%%anchezt al., 2007; Van Den Bosschet
al., 2009).

It is critical to ensure N is supplied at the apprate times to achieve adequate tree
growth and yield. In-season N uptake and reserngtoled in perennial tissues (i.e., branches,
trunk and roots) from previous growth cycles aréhbatal to apple tree nutrition. In late
summer and autumn, absorbed N is stored in peletissaes and can constitute a significant
portion of reserve N (Millard and Thomson, 1989;Iden et al., 2001b; Sancheet al., 1992,
Toselli et al., 2000). Also, before leaf abscission, 35-70%eaff IN is relocated into perennial
tissues as reserve N (Blasidgal., 1990; Munoz et al., 1993). Remobilization ofdheeserves

from woody tissues is the main driver of early sea$ruit and leaf growth and has been



correlated with leaf canopy development (Cheng Badhigami, 2002; Khemirat al., 1998;
Millard and Neilsen, 1989, Neilsaal., 2001a; Titus and Kang, 1980).

Partitioning of in-season N uptake is affecteddatyilizer timing. Early season fertilizer
N is heavily partitioned into fruit and leaves (@geand Fuchigami, 2002; Khemieaal., 1998).
Munozet al. (1993) reported N uptake in April was preferetyiglartitioned into fruit, whereas
May N uptake was allocated into leaves of peaabstferunus persica), with vegetative growth
being greatest from May to August. Fertilizer Nolgation during this period of vegetative
growth can result in higher fruit N concentratiohgaying possible detrimental affects on fruit
guality and storage (Sanchez et al., 1992; Tostedli., 2000).

The objectives of this thesis are twofold. Cha@te@xamines the effects of cultivation,
wood chip mulch and a legume cover crop on treavtiropartitioning of compost N and
fertilizer-use efficiency in young apple treedlalus domestica Borkh) at different compost
application dates across two growing seasons. t€h& measures the impact of different
ground cover management strategies and compost oatesoil N supply, total N and C, soil
biological activity and fruit yield and tree growiththe same apple orchard during three growing

seasons.



CHAPTER 2
INFLUENCE OF GROUND COVER MANAGEMENT AND COMPOST AR.ICATION

TIMING ON N PARTITIONING IN ORGANIC APPLE TREES

Abstract:

Synchronizing apple tree needs with N release ftompost is essential to cost-effective
organic apple production. This study examinesetfiects of three ground covers: cultivation,
wood chip mulch and a legume cover crop, on partitig of compost N in young appl®élus
domestica Borkh.) trees at different compost applicationedaticross two growing seasons.
Compost enriched witfPN was applied to apple trees in April, May and Joh2006 and 2007,
and trees were excavated in September 2007 tongatethe fate of labeled compost N. Trees
with wood chip mulch had significantly greater dvgight and N accumulation in vegetative tree
components than trees with cultivation or legumeeco Fruit yields were similar between
cultivation and wood chip treatments despite lesgetative growth under cultivation as these
trees partitioned more dry weight into fruit (44%an wood chip mulch trees (31%). Nitrogen-
use efficiency by trees was lower with a livinguete cover crop than in other treatments due to
competition for resources. Of the total N in tlwer crop above-ground biomass, 20-100% was
derived from compost. In comparison, only 5-40%woiod chip mulch N was from compost.
Tree reserves were an important source of N fanggruit and leaf growth in all treatments, but
significantly more so for trees under cultivatioRruit and leaves were strong sinks for compost
N early in the season, with trees allocating 72%mwfng N uptake into leaves and fruit. In the
summer, N uptake increased improving compost Neffsgency. Summer N was preferentially

allocated to perennial tissues (71%) bolstering ederves. Trees with wood chip mulch



performed well and had greater capacity to buildeNerves, making wood chips ideal for
establishing young organic apple orchards. Howewasr the orchard matures, it may be

beneficial to switch to a ground cover that reduces vegetative growth.

1. Introduction

Organic apple production has experienced sigmfigaowth in the past 20 years, largely
due to food and environmental safety concerns deggrsynthetic pesticides and fertilizers.
Increased organic fruit production can also behatted to advancements in organic production
practices, such as pheromone mating disruptioncéailing moth (Cydia pomonella), and yet
significant challenges remain (Deladeal., 2008). Among the most significant challengehlis
supply: organic fertilizers are often bulky and emgive, and release of N can be unpredictable.
Improving N cycling and organic fertilizer-use eféncy are critical to cost effective organic
fruit production.

Cultivation in the tree row is currently the mosinamon understory management
practice in organic apple production despite ithhtost and detrimental effects on soil quality
and N availability (Cambardella and Elliot, 1992ra@atstein, 2004; Sanchet al., 2007).
Alternative ground cover strategies that reduceascaad improve N mineralization of organic
fertilizers are needed. Possible ground coverkudiecorganic mulches and leguminous cover
crops.

Increased soil N availability and mineralizablenis of N with use of organic mulches
such as wood chips, shredded paper or alfalfa baee reported in multiple studies (Forge

al., 2002; Marstlet al., 1996; Sancheet al., 2003; Yacet al., 2005). Elevated soil N availability



may result from increased microbial activity andtidnover (Forgeet al., 2002; Yaoet al.,
2005). Forgest al. (2002) reported that use of high C:N ratio mulchihe tree row of an apple
orchard did not result in net N immobilization omer N supply and, to the contrary, increased
N fertilizer-use efficiency. Neilsost al. (2003) observed increased apple tree vigor and yie
with organic mulches. In a comparison study ofedé@nt ground cover systems, Shribbs and
Skroch (1986) observed that apple trees under argaunliches had larger trunk diameter after
four years, compared to bare ground, cultivatioth @ahegume cover crop.

Sanchezt al. (2003) and Hoagland al. (2008a) reported that leguminous cover crops
resulted in greater soil N availability and micrabactivity than alternative ground covers.
Numerous studies, however, have reported redues drowth and yield due to increased
competition between trees and cover crops (Hoagkinad. 2008a; Larssoret al., 1997;
Sanchezt al., 2003;).

It is critical to ensure N is supplied at the apprate times to achieve adequate tree
growth and yield. In-season N uptake and resengtoled in perennial tissues (i.e., branches,
trunk and roots) from previous growth cycles aréhbatal to apple tree nutrition. In late
summer and autumn, absorbed N is stored in peletissaes and can constitute a significant
portion of reserve N (Millard and Thomson, 1989;Iden et al., 2001b; Sancheet al., 1992,
Toselli et al., 2000). Also, before leaf abscission, 35-70%eaff IN is relocated into perennial
tissues as reserve N (Blasieagal., 1990; Munoz et al., 1993). Remobilization ofdheeserves
from woody tissues is the main driver of early sea$ruit and leaf growth and has been
correlated with leaf canopy development (Cheng Badhigami, 2002; Khemirat al., 1998;

Millard and Neilsen, 1989, Neilsaal., 2001a; Titus and Kang, 1980).



Partitioning of in-season N uptake is affecteddailizer timing. Early season N uptake
is heavily partitioned into fruit and leaves (Cheargd Fuchigami, 2002; Khemiet al., 1998).
Munozet al. (1993) reported N uptake in April was preferetyiglartitioned into fruit, whereas
May N uptake was allocated into leaves of peacestwith vegetative growth being greatest
from May to August. Fertilizer N application dugithis period of vegetative growth can result
in higher fruit N concentrations, having possibtranental affects on fruit quality and storage
(Sanchez et al., 1992; Tosadtial., 2000).

Previous mulching and cover cropping studies haeeided on tree and soil responses,
but have not examined their affects on internalybling. Conversely, N partitioning and uptake
studies have centered on inorganic fertilizer use @pplication timing. Interactions between N
partitioning, organic fertilizers and ground coveanagement are not well understood. The
objectives of this study were to determine the adffeof cultivation, wood chip mulch and a
legume cover crop on tree growth, partitioning efpost N at different application timings and

fertilizer-use efficiency.

2. Materials and Methods

2.1 Study Site

This study was established in spring 2005 at then&tthee Valley College-Auvil

Teaching and Demonstration Orchard in East WenaicWashington, USA. Soil at the study

site is a Pogue sandy loam (coarse-loamy over sandsandy-skeletal, mixed, superactive,

mesic Aridic Haploxerol), averaging 1-2% organictimaand a pH of 7.0. Annual rainfall at the



orchard site averages 21.6 cm. The study site pagiously planted to sweet cherry; after
stump removal and disking, apple trees (cv. PimateEMLA 7 rootstock) were planted at a
spacing of 1.5 x 4 m (1541 trees per hectare)s $tudy is part of a larger experiment in which
plots were arranged in a completely randomizedkotiesign, and had 3 replicates. Each plot
consisted of a row of 8 trees; 6 study trees wigjuard tree on each endirees were irrigated as
needed throughout the growing season with undertrieeosprinklers (R-10 rotators, Nelson

Irrigation, Walla Walla, WA)

2.2 Orchard floor treatments and N amendments

Three ground cover management systems were seléotethis study: mechanical
cultivation, wood chip mulch, and legume cover cr@pround cover treatments were applied to
a 1.5 m strip centered on the tree row. A 2.5 medalley planted to perennial grass was
established between tree rows. Mechanical cuitimatCLT) using a Wonder Weeder (Harris
Manufacturing, Burbank WA) was done four times geason on the sides of the tree and
rototilling between the trunks was done as need&tiurbing only the upper 8-10 cm of soil.
Wood chip mulch (WC) plots had a 15 cm layer of esixconifer and deciduous wood chips (1.3
to 2.5 cm maximum dimension) applied every spriirg2005 and 2006 weeds were hand pulled
and in 2007 glyphosate (1% solution) was spot sateas needed to control weeds. Legume
cover crop (LC) plots were established in May 2@8tg a mix of Mt. Barker subterranean
clover (Trifolium subterraneum), black medic Medicago lupulina), burr medic KMedicago
polymorpha), birdsfoot trefoil Lotus corniculatus), and Colonial bentgras#\rgostis tenuis).

The drive alley and legume cover crop were moweakasled with clippings left on the ground.



In spring 2005, pelleted chicken manure (NutriRiSkutzman Farm, Canby, OR, USA;
4% N) was broadcast in the tree rows at a ratel@fKyg total N ha and incorporated prior to
tree planting. Due to poor initial tree growthsaluble N fertilizer of fermented plant and
animal waste (Biolink, Westbridge Ag Products, ®jsSCA, USA; 14% N) was injected below
each tree at 36 kg total N han mid-July. An additional 2.75 kg total N havas applied at
weekly intervals throughout the summer as a folpplication of fish emulsion and kelp
(Mermaids, I.F.M., Wenatchee, WA, USA; Acadian Saas, Dartmouth, Nova Scotia,
Canada).

In 2006 and 2007, 101 kg available N*hgear* was applied in three split applications
(April 7, May 9 and June 7, 2006 and April 24, My and June 21, 2007) of Nielsen’s chicken
manure compost (Mossyrock, WA, USA; 3.5% N, 51%ilabée in a 14-day anaerobic
incubation). Compost was spread around the basaatf tree 15 to 30 cm from the trunk.

At each compost N application date in 2006 andr2@0separate tree from each plot was
treated with™>N (ammonium sulfate) enriched compost. Forty-eigburs prior to application,
compost for each tree was spread on a plastic,ségetyed with 5 g (NFLSO, (~70A% N,

0.8 g N per tree) dissolved in 50 ml distilled water, aafowed to incubate at room

temperature until application.

2.3 Soil and ground cover sampling and analysis

One month after application 6IN enriched compost, samples of soil, wood chip duff

and cover crop residue were taken approximatelgrh5from the base of each tree. Sample

dates were May 9, June 7, July 13 and Septembar 2006 and May 23, June 19, July 19 and



September 23 in 2007. Soil samples were compasitdgee cores taken with a 2-cm diameter
probe to a depth of 10 cm. Cover crop residue t&snpere composites of all above ground
biomass from three 7.4 x 10 cm areas. Wood chfp saimples were taken by clearing away
intact wood chips and taking three samples of apprately 20 g of decomposed wood chip
litter. Soil and wood chip samples were sieve@dss through a 2 mm sieve. All samples were
oven dried, roller-ground and analyzed faX and total N and C using an isotope ratio mass

spectrometer (Thermo Finnigan, Germany) and a aimbaistion analyzer (Costech, CA, USA).

2.4 Fruit Harvest and Tree Excavation

In 2006, blossoms were removed to prevent fruitihg2007, fruit were hand thinned to
five fruit per cnf trunk cross sectional area (TCSA). Fruit werevasied on September 15,
2007 from the center 6 trees of each plot. THmyt per tree were randomly selected and sliced
radially into eight sections. Two opposing eighgies apple were ground into slurry using a
food processor, oven-dried at 105 °C for 72 hotoker-ground and analyzed foiN and total
N and C.

Sample trees were excavated on September 24, ZD@&s were stripped of leaves by
hand and pulled out with an excavator; soil in tbet zone was sifted using pitchforks to
recover remaining roots. Each tree was separatedaots (below the graft union), new growth
(2007 shoots) and frame (trunk + previous seasandmes). Frame fresh weight was measured
in the field, after which tree frames were groundaiwood chipper and approximately 500 g of

wood chips were sub-sampled, oven-dried, and wdigbaletermine percent moisture. Frame

10



subsamples, new growth, roots and leaves were dred; weighed, ground with a Wiley mill,

roller-ground and analyzed f&iN and total N and C.

2.5 Calculations and statistical analysis

Nitrogen accumulation was calculated as dry wexgNtconcentration. Nitrogen derived
from compost (NDFC), was calculated using the aqoat

NDFC = tissue atom %N excess
compost atom %N excess

Nitrogen utilization, the proportion of availakd@plied compost N present in the tree at

excavation, was calculated as follows:

N utilization = % NDFEC x total tree N
Rate of N application (g)

Statistical analyses were conducted using SASséftivare (SAS Institute, Cary, NC,
USA). Differences in accumulation and partitionioydry weight and N in tree components
between ground cover treatments were analyzed usmegfactor ANOVA. Differences in
NDFC in trees and soils and N utilization were gmatl were analyzed using two-factor
ANOVA, separately for each year, with ground cotreatment and month as factors. Nitrogen
derived from compost in cover crop residue and wadogd mulch was analyzed using two-factor
ANOVA with year and month as factors. Simple effeomparisons were used when an
interaction was present. Mean separation was dered significant at P_ €.05 using a

Protected LSD.
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Table 1. Dry weight, N accumulation and N concditdrain tree components of ‘Pinata’/M7
apple trees at excavation. Numbers within the sapheémn followed by the same letter are not
significantly different (P9.05)

New
Treatment Roots Frame Growth Leaves Fruit Total
------------------------------ Dry weight (g/tree}------------------mcemnm-
Cultivation 304 a 1495 b N0b 310b 1717 a 3917 b
Wood chip mulch 371 a 2964 a 496 a 874 a 1930 a 4866
Legume cover 230 b 1178 b 107 b 256 b 883 Db 2654 c
------------------------------- Nitrogen (g/tree)—--------------=--mmmmmnmeum-
Cultivation 3.07b 7.25b 1.15b 7.33Db 1525a 1.
Wood chip mulch 5.19a 13.83 a 5.83 a 2086a 7146 59.8a
Legume cover 2.71b 5.95b 1.29b 6.25b 557b 8e1l.
-------------------------- Nitrogen concentratior?4)
Cultivation 1.03b 0.49 a 1.30a 235a 0.90 a
Wood chip mulch 1.35a 0.48 a 1.15b 2.40 a 0.78 a
Legume cover 1.15b 0.51a 1.30 a 245 a 0.73 a

3. Results

At excavation, tree dry weight and N accumulatiegre significantly different among

ground cover treatments (Table 1). Trees with Vi@ the most dry weight and N accumulation

followed by CLT then LC. Tree component dry weig¥ds greater in WC than in CLT or LC

for frame, new growth, and leaves. The root:shiatd (root dry weight: frame + new growth

dry weight) was significantly greater in CLT (1:pahd LC (1:6) trees than WC (1:9.6). Total N

was greater in WC than in CLT or LC for roots, femew growth and leaves. Fruit dry weight

for CLT was similar to that of WC, these treatmeptsducing over twice as much fruit dry

weight as LC. Nitrogen concentration was greate¥C in roots but lower in new growth

compared to CLT and LC (Table 1). There were gaiicant treatment differences in the N

12



Table 2. Percentage of total tree dry weight angaxtitioned into tree components at tree
excavationNumbers within the same column followed by the saatter are not significantly
different (P<0.05)

New
Treatment Roots Frame Growth Leaves Fruit

-------------------------- Dry matter partitioning%) -------------------------

Cultivation 7.8a 37.8b 22c 8.0c 44.2 a
Wood chip mulch 56Db 43.7 a 7.2a 129 a 30.6b
Legume cover 8.8 a 45.8 a 41b 9.7b 31.6b
---------------------------- Nitrogen partitionind%) --------------------------
Cultivation 9.1b 21.7Db 3.1c 21.8c 44.4 a
Wood chip mulch 8.3b 228 b 9.0a 35.2a 2590b
Legume cover 11.6a 27.1a 53b 28.6b 24.8b

concentration of frame, leaves or fruit, and leatdhcentrations were adequate for young fruit
bearing apple trees, greater than 2.2%, in altrireats (Stiles, 1994).

Trees under CLT partitioned a larger proportionigf weight and N into fruit than either
WC or LC trees (Table 2). More than 44% of bothh weight and N was allocated to fruit under
CLT, whereas only 32% and 30% of dry weight and 245% 26% of N was allocated to fruit
under LC and WC, respectively. Trees in LC pamiéd more N into roots and frame while WC
trees had a significantly larger proportion of drgight and N in new growth and leaves.

Tree N derived from compost applied in 2006, rdigas of date, was significantly lower
than N originating from 2007 compost applicatio®sg(re 1). Averaged across all three
application dates each year a larger percentage®N was derived from compost in CLT trees
than either WC or LC trees in 2006 and CLT and L&engreater than WC in 2007. There were
no significant differences among application date2006, whereas in 2007 tree N originating
from the April compost application was significantlower than from the May and June

applications.

13



There was interaction between ground cover tre@traed application date for compost
N utilization of 2006 compost. Significantly great®mpost N was recovered in wood chip trees
than other ground cover treatments in April, whereaMay and June more compost N was
recovered under cultivation than legume cover (Fedt). In 2007, compost N recovered in WC
and CLT trees was greater than LC trees when asdragross all application dates, and N
utilization was notably lower (P_€.1) for April applied compost compared to the €un

application.
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Wood chip mulch
Legume cover
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Tree N derived from compost (%)
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April May June April May June

2006 2007

Figure 1. Percent of total tree N derived from costg@rom six application dates in 2006 and
2007 at excavation in September 2007. Me&EHn=3)
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Compost N was partitioned to tree components nthehsame as total N (Table 3).
Compost N was preferentially allocated into fridd%) under CLT, whereas WC patrtitioned
more compost N to leaves and new growth (togethe&s)dand LC partitioned more compost N
into roots and frame (together 39%).

Allocation of compost N to tree components watigriced by application timing as well
as ground cover treatment. In 2007, trees receswvetpost N from four sources: April, May and
June compost applications as well as reserve NI€T3)b Reserve N encompasses all labeled N
from the April, May and June 2006 compost applaati combined. This N may have been
taken up and remained in storage organs over wibhemoming available for remobilization in

early spring 2007, or may have remained in composbil over winter then was taken up in

120 7 g cultivation
Wood chip mulch

100 - @ Legume cover
S 80 -
g 7
= é
: ¢

20 - Z

April May June April May June
2006 2007

Figure 2. Percent of compost N applied on six dae2006 and 2007 present in trees at
excavation in September 2007. MeaBHE (n=3)
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Table 3. Partitioning of compost N (%) recoveredrae excavation into tree components; by
application time and ground cover treatment. ResBirepresents labeled N recovered from the
April, May and June 2006 compost applications, codth. Numbers within the same column

followed by the same letter are not significantifyestent (P<0.05)

New
Time Roots Frame Growth Leaves Fruit
Reserve N 10.6 a 249Db 5.7 ab 26.6b 32.1b
April 2007 6.2b 16.3 ¢ 4.7 b 314 a 41.3 a
May 2007 10.4 a 315b 56b 219c 30.6b
June 2007 114 a 51.8a 7.8a 12.7d 16.1c
Treatment = = = ~———mmmmemeemeemeeeeee e
Cultivation 8.4b 28.0a 3.2b 185¢ 419 a
Wood chip mulch 79b 32.0a 9.8a 28.0a 22.4b
Legume cover 12.6 a 335a 50b 23.1b 25.8Db

2007. Trees mobilized nearly equal portions oéres N into fruit (32%), leaves + new growth
(32%) and roots + frame (36%). Of the April comipagplication, 73% of N was allocated to
leaves and fruit, and 27% into woody tissues. @osely, only 29% of June compost N was
allocated to leaves and fruit, with 71% being p@mied into woody tissues.

Both the legume cover crop and decomposing woapl lelyer represented alternative
sinks for compost N. In May 2007 almost 100% ofirNthe cover crop was derived from
compost (Figure 3A). Compost N constituted a siganmtly larger portion of legume cover crop
N in 2007 than 2006 at similar dates. In both gy@dDFC of the cover crop decreased over the
course of the growing season. Similarly, the ND&QChe wood chip layer was greatest both
years at the May sampling (Figure 3B), but was teas the legume cover crop, ranging from 5-
40%. The total N content of the decomposing wadag tayer was 1.6-1.8% and C:N ratio was

8.3 t0 9.5 on all sampling dates (data not shown).
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There was significant interaction between grouonkc treatment and application date in
the percentage of soil NDFC in both 2006 and 200d@A. 2006, NDFC in CLT soil was
significantly higher than in soil under WC and L& May, and higher than WC soils in July,
while WC soil had the highest proportion of N dedvfrom compost in June (Figure 4A). In
May, NDFC represented a significantly greater propo of soil N than July, followed by
September. In 2007, soil N derived from compost mbt change significantly throughout the
season, and compost N made up a more significatibpof soil N in CLT soil than WC and
LC plots in May, July, and September (Figure 4Bxound cover treatment did not significantly
affect soil N content, but there was a significamctease in soil N in September 2007 compared

to other sample dates (Figure 5).

4. Discussion

The use of WC increased vegetative growth in appks considerably over CLT and LC
trees. Despite less vegetative growth in CLT tréest yield was similar to WC suggesting an
increased fruit:vegetative growth efficiency in CLHowever, increased root:shoot ratio in CLT
and LC indicate that trees were under moisture utriant stress (Forshey and Elving, 1989)
compared to WC trees. Preferential partitioninglgf weight and N into fruit in CLT may have
been caused by reduced N uptake due to root daaratpereased N supply (Marshal., 2003;
Sanchezt al., 2007; Yaoet al., 2005). In low N conditions trees may reduce rtnenber of
competing sinks for N; i.e., reduce vegetative dhoNeilsenet al., 2006). Conversely,
partitioning of dry weight and N into the fruit @C and LC trees was similar, suggesting that N

availability was not the main cause of growth ameldydifferences between these treatments.
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Instead, lower root growth as seen in the LC trems signify moisture stress (Forshey and

Elving, 1989).

If moisture is insufficient, the gtosynthetic capacity of trees is reduced and

trees are unable to build the carbon skeleton rmekategrowth.
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Increased mass of perennial tissues (rootsefrand new growth) in WC trees increased
their capacity to store N in autumn for the subsefugrowing season. Also, superior leaf

growth increased the pool of N available for retarainto N reserves prior to leaf senescence.
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Figure 4. Soil N derived from compost (%) in growaver treatments in A) 2006 and B) 2007,
starting from April 20 (Day 0). Samples taken Mayl@ne 7, July 13 and September 29 in 2006
and May 23, June 19, July 19 and September 230i.20ean +SE (n=3)
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In this experiment, trees were excavated just &fdevest, therefore partitioning to N reserves at
excavation was the result of N uptake and not bhaekéf N from leaves. Therefore, the greater
N concentration in WC roots suggests that trees st@e a larger percentage of late season N
uptake in the roots than in CLT or LC trees.

Fruit and leaves acted as strong sinks for comidaesrly in the season, for both reserve
and April applied compost N. As the season prag@s larger percentage of N was allocated
into perennial tissues, either as vegetative grawtteserve N. These results are consistent with
studies conducted using inorganic N sources (Mwtat. 1993; Khemiraet al., 1998; Cheng
and Fuchigami, 2002).

By the time of tree excavation in September 20BFC and utilization of compost N
applied in 2006 were low. This could be the resitiliower N uptake and/or substantial loss of
2006 compost N. Modes of loss of 2006 compostdifirees include leaf abscission in the

autumn of 2006, fruit thinning in 2007 and naturat turnover. Compost N-use efficiency was
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Figure 5. Total soil N concentration by ground aotreatment over the course of the 2007
growing season, starting from April 20 (Day 0). $das taken April 23, May 23, June 19, July
19 and September 23 in 2007. Mea8SHE (n=3)
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greatest in the WC and CLT treatments, but incitd$éeaccumulation and lower tree NDFC
indicate that trees in WC received a significantoant of N from non-compost sources. In
contrast, trees under CLT and LC were more relientompost as a N source. Dependence on
compost N in the LC, combined with low total tree $uliggests that N fixation in the legume
cover crop did not supply significant N to the applees. Nitrogen uptake, as represented by
amount of tree N derived from compost and N util@a was lower in April than May and June,
consistent with Munoet al., (1993) who observed peak N uptake from June tguatin peach
trees. This is due, in part, to strong competibetween apple trees and legume cover crops or
the decomposing wood chip layer, which was greateite spring. In the legume cover crop
treatment, bentgrass re-establishing quicker thanlédgume (data not shown) and cool spring
temperatures depressing N fixation combined toea®e cover crop competition for N.
Cultivation incorporated N into the soil, increagisoil NDFC compared to soils under WC and
LC. In the WC treatment, addition of high C:N eatnhulch in April resulted in compost N
immobilization early in the season. We observests@rowing into the wood chip layer and
believe that as the season progressed the decargpesiod chip layer shifted from a sink to
source of N, resulting in lower N concentration dmgher C:N ratio later in the season. Also,
irrigation and soil organisms helped move N outhef wood chip layer and compost and into the
soil, increasing soil N in all treatments over toairse of the growing season.

Fertilizers labeled with°N are frequently used to track N uptake and movermefruit
trees but have only used inorganic fertilizers (@hand Fuchigami, 2002; Khemiehal., 1998;
Millard and Neilsen, 1989; Millard and Thompson,889 Munoz et al., 1993; Neilsest al.,
2001b; Neilsenet al., 2001b; Toselliet al., 2000). The addition of®N enriched fertilizer

increases the amount of available N in compost @etpto non-enriched compost. This may
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alter the pattern of compost N uptake and utilaratby trees. We believe, however, th
compost enrichment is a useful method to track Nenmeent from compost. Further study is
needed to establish hoWWN enrichment affects N release and uptake from @mmnpr other
organic sources of N.

Vigorous tree growth in the wood chip treatmenbwald young apple trees to establish
quickly. As the orchard matures, however, overtyorous tree growth could increase orchard
management costs through increased pruning andl atiffieulty in training limbs to leaders. It
may be necessary then, to compliment wood chip Imwlith other management strategies to
reduce vegetative growth, such as deficit irrigatioeduced N applications or changing the
timing of compost application. Otherwise, afteclard establishment, switching to a ground
cover strategy that reduces tree vigor may be rkedeeduce vegetative growth.

In the short term, cultivation resulted in highuifryields despite reduced vegetative
growth. Trees under cultivation were more depehdancompost for N than trees under wood
chips, and had high fertilizer-use efficiency. Hmer, due to the negative long-term soil
impacts of cultivation and the need for an actio# microbial community to mineralize organic
N, the long-term effectiveness of this system néedse studied.

The grass-legume mixture used in this study coetpfdr moisture, reduced tree growth,
fruit yield, and fertilizer-use efficiency and alosed significant amounts of compost N. A
legume that can out-compete grasses and re-est&alil/ in the spring may reduce competition
for compost N and increase N transfer to applestreeegume covers have been found to
improve soil microbial activity, and may be useful established orchards (Hoaglasdal.,
2008a). We conclude, however, that legume coveunsuitable ground cover for orchard

establishment.
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CHAPTER 3
GROUND COVER MANAGEMENT AND COMPOST RATE INFLUENCH SUPPLY,

SOIL BIOLOGY AND FRUIT YIELD IN ORGANIC APPLE PRODGTION

Abstract:

Organic mulches and cover crops add organic caf©@Q) to soils, potentially increasing
mineralization and supply of N through enhanced kmlogical activity. In this study, bare
ground, brassica seed meal, cultivation, wood chifch, legume cover crop and non-legume
cover crop ground cover treatments and three comptess were evaluated for effects on soil N
supply, biological activity and tree performanceamewly planted appleMiaus domestica
Borkh.) orchard during the first three growing sees Ground cover management and compost
rate influenced soil N supply in years two and ¢hoéthe study. Wood chip mulch around trees
increased total soil N, C and labile C, but deadasoil N supply due to immobilization. Wood
chip mulch and brassica seed meal increased earthwopulation compared to other ground
covers. Brassica seed meal consistently incressiedN supply compared to other treatments,
but did not change total soil N or C. In cultivatiand non-legume cover crop treatments N
supply increased as compost rate increased ahe highest compost rate total soil N and C was
greater than either the low of medium rate. Fyetds in cultivation, wood chip mulch, bare
ground, and brassica seed meal treatments wertegthan with legume and non-legume cover
crops, regardless of compost rate. Using a legoowver crop did not increase soil N supply
compared to a non-legume cover crop but competitietween apple trees and cover crops
reduced tree growth and yield. Microbial biomass\greatest in these treatments. Both ground

cover management and compost rate significanthaghpoil quality and tree performance.
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1. Introduction

Organic apple production is becoming increasingbpuar as it is not as reliant on
inorganic fertilizers and synthetic pesticides aad bring price premiums for growers. Instead,
organic apple production uses compost and othenacdertilizers to supply nutrients to trees.
These organic sources are often more expensivené@tain and Mullinix, 2008), and release
nitrogen (N) slowly, which can result in poor yigldnd low leaf and fruit tissue N levels (Delate
et al., 2008). Improving organic fertilizer-use efficanis critical to increasing cost efficiency
in organic apple production. Integrating organiglches and cover crops into apple production
systems has been proposed as a means to imprdds, yieitrient availability and long-term
sustainability.

Organic mulches, cover crops and organic fertdizeich as compost, add large amounts
of organic carbon (OC) to the soil. Decomposit@onl nutrient release from these additions can
increase soil N, C, and microbial biomass and ckahg composition of the soil microbial
community (Laakset al., 2000; Wardlest al., 2001). However, studies of organic mulches and
cover crops in fruit production have returned bptisitive and negative results. Sanchkeal.
(2003) and Hoaglane al. (2008a) reported increased soil N availability @nchore active soil
microbial community using both legume and non-legutover crops. However, Marghal.
(1996) observed that non-legume cover crops redtrogdyield and tree growth compared to
leguminous cover crops. In these and other studipsoved soil quality did not translate into
increased tree growth or vyield, likely because ampetition between trees and cover crops
(Neilsen and Hogue, 1985; Sancleeal., 2003; Hoaglanet al., 2008a). Forget al. (2003) and

Yao et al. (2005) reported that organic mulches such as vebgus, shredded paper and alfalfa
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increased soil microbial activity and N turnovemcneasing N availability and fertilizer-use

efficiency. Conversely, Larssoat al. (1997) reported that N was immobilized in woodpchi

mulch resulting in N deficiency, despite high lesvef N fertilization. Brassica seed meals are
another possible soil amendment which may servanasrganic source of N (Balesh et al.,
2005), a biological control for pathogens (Cohed Blazzola, 2006) and a biological control of
weeds (Hoaglanet al., 2008b)

Using herbicides to maintain bare ground in tr@esris the most common practice in
conventional apple production; however lower soiil C content have been reported in these
conventional systems compared to systems usinguorgaulches and cover crops (Sanclkeez
al., 2003). Likewise, cultivation, the most commoragiice in organic production, can have
detrimental effects on soil N, C and the soil mimab community, reducing soil quality and
nutrient availability (Cambardella and Elliot, 199%%anchezt al., 2007; Van Den Bosschet
al., 2009). Soil disturbance also reduces earthwoapulations and root colonization by
arbuscular-mycorrhizal (AM) fungi (Bohleet al., 1999; Boddington and Dodd, 2000). Both
earthworms and AM fungi have been shown to imprewd quality and nutrient cycling.
Earthworms improve incorporation of surface littancrease soil organic N levels and N
mineralization and can alter the soil microbial coumity structure (Aireet al., 2008; Beare,
1997). Arbuscular-mycorrhiz fungi play a criticale in nutrient cycling in the soil, assist in
nutrient uptake, aid in decomposition of recalaitrarganic residues and improve soil structure
through increased aggregate stability (Baatesd., 2005).

In cultivation and herbicide strip systems, oftee only additions of OC are senescent
leaves and organic fertilizers such as compost|anger applications of these fertilizers may be

needed to achieve soil quality benefits. Bhaal. (2009) and Gopinaté al. (2008) observed
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increased crop Yyields and soil quality improvemeastsnanure and compost additions increased.
Whalenet al. (2008) reported that soil microbial biomass Camig C, total N and N©in soill

did not increase compared to soils fertilized wiitbrganic fertilizer at 5 or 10 Mg Haof
compost, but did increase with 15 Mg‘haf compost. Reganolet al. (2001) showed higher
soil quality ratings and similar yields in orgarscompared to conventional apple production
systems, largely owing to the addition of compast enulch in the organic system.

In this study we wanted to examine how severaliggdocover management strategies and
compost rates interact to supply N to apple trdéswever, accurately estimating soil N supply
is difficult, and many methods have been propodalil ¢t al., 1996; Sharifi et al., 2007a; Sharifi
et al., 2007b). In this study, measuring only bduN (NQ; + NH;") would not accurately
reflect soil N supply because release of compastdtiven by soil microbial processes, and N is
mineralized and immobilized by microorganisms stagously (Haynes, 2005). Long-term
laboratory incubations measuring mineralized N dawer-estimate N mineralization because
ideal soil conditions are used and would at begiresent the maximum potential N
mineralization (Haynes, 2005; Robertsenal., 1999). Nitrogen mineralized from a 14-day
anaerobic incubation represents a readily availabiée N pool that has been strongly correlated
with soluble N (Sharifi et al., 2007a). The conddian of soluble N and N mineralized from a
short-term anaerobic incubation has been proposed good predictor of N supply (Sharifi et
al., 2007b). In this study we used a modificat{@rday incubation) of this latter method to
estimate soil N supply. The objectives of thisdgtare to examine the impact of ground cover
management and compost rate on soil N supply, ktahd C, soil biological activity and fruit

yield and tree growth.
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2. Materials and Methods

2.1 Study Site

This study was established in spring 2005 at then&tithee Valley College-Auvil
Teaching and Demonstration Orchard in East WenaicW&ashington, USA. Soil at the study
site is a Pogue sandy loam (coarse-loamy over sandsandy-skeletal, mixed, superactive,
mesic Aridic Haploxerol), averaging 1-2% organictimaand a pH of 7.0. Annual rainfall at the
orchard site averages 21.6 cm. The study site pr@gously planted to sweet cherry. After
stump removal and disking, apple trees (cv. PimateEMLA 7 rootstock) were planted at a
spacing of 1.5 m x 4 m (1541 trees per hectar®ts Were arranged in a completely randomized
block design with 5 replicates of 13 treatmentscteplot consisted of a row of eight trees: six
study trees with a guard tree at each end. Uhtedi control plots consisted of only 3 trees due
to space constraints. Trees were irrigated as etedldroughout the growing season with

undertree microsprinklers (R-10 rotators, Nelsoig#ation, Walla Walla, WA)

2.2 Ground cover treatments

Ground cover treatments were established in anlvide strip within the tree row, with
a 2.5 m drive alley between rows planted to peangiasses in 2005. Seven ground cover
treatments were used (Table 4): 1) unfertilizedtmdn(CON), 2) bare ground (BG), 3) bare
ground + brassica seed meal amendment (BSM), 4hanéal cultivation (CLT), 5) wood chip

mulch (WC), 6) legume cover crop (LC), and 7) negdme cover crop (NLC). Bare ground
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was maintained in the CON, BG and BSM treatmenth tiie combination of cutting weeds at
ground level with a string trimmer (6-7 times), ktva hoeing (2-3 times), and Matran organic
herbicide (20% solution, sprayed to wet leaveantes) in 2005 and 2006. Due to difficulty
controlling weeds with these methods, economic @sgp and the planned removal of the
orchard, weeds were controlled in 2007 by spotyspgawith post-emergent glyphosate (1%
solution). In all years, mechanical cultivationnststed of using a Wonder Weeder (Harris
Manufacturing, Burbank WA) four times per seasontbe sides of the tree and rototilling
between the trunks as needed, disturbing the udércm of soil. Wood chip mulch plots had
a 15 cm layer of mixed conifer and deciduous woloigs (1.3 to 2.5 cm maximum dimension)
applied in the spring of all years. In 2005 an@&Weed escapes were hand pulled, and in 2007
glyphosate (1% solution) was spot sprayed as needegume cover crop was established using
a mix of Mt. Barker subterranean clovélrifolium subterranean), black medic Medicago
lupulina), burr medic Kedicago polymorpha), birdsfoot trefoil [otus corniculatus), and
Colonial bentgrassAfgostis tenuis). Non-legume cover crop was established usingxaahn
sweet alyssumLbularia maritime), five spot Nemophilia maculate), mother of thymeThymus
serpyllum), and Colonial bentgras@\gostis tenius). The drive-alley, legume cover crop and

non-legume cover crop were mowed as needed wjtpinlys left on the ground.

2.3 Compost N amendments

Compost N was applied at low)(medium ;) and high () rates. The M rate was based

on the optimum rate of N to meet tree needs of@pprately 60 g N treé (Fallahi and Mohan,

2000; Fallahet al., 2001), and was applied to the BG, CLT, WC, LC hihdC cover treatments.
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Table 4. Ground cover management and compost rate

Treatment Compost rate Ground cover management

Control None Undisturbed bare ground, hand weeding anchgbgte
(CON)

Bare ground Medium Undisturbed bare ground, hand weeding ayphglsate
(BG)

Brassica seed meal Low Undisturbed bare ground, hand weeding and gigpte
(BSM) + 1,136 kg ha Snapsis alba seed meal each year
Cultivation Low, medium

(CLT) and high  Tilled bare ground, tilled 4x per season

Wood chip mulch  Medium and 15 cm layer of mixed deciduous and coniferous wood
(WC) high chips applied each April

Legume cover Low and Mix of birdsfoot trefoil, Colonial bentgrass, Mtaiker
crop (LC) medium subterranean clover, black medic and burr medic

Non-legume cover Low, medium Mix of sweet alyssum, five spot, mother of thymel an
crop (NLC) and high  Colonial bentgrass

Due to space constraints the L rate was appliegdtonCLT, LC and NLC cover treatments, but
not to WC because reduced N additions would likelsult in N immobilization in the WC
mulch (Larssoret al., 1997). The H rate was applied to CLT, WC and NbGt not to LC
because increased N additions were presumed to leasdnfluence on tree responses in the
presence of a legume.

In spring 2005, pelleted chicken manure (NutriRiStutzman Farm, Canby, OR, USA,;
4% N, 28% available in a 14-day anaerobic inculpdtieas broadcast in tree rows at 56, 111 and
166 kg total N h@ for the L, M and H rates, respectively, and incogped prior to tree planting.

Due to poor initial tree growth an additional 2ktpN ha' was applied equally to all treatments
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at weekly intervals starting in June and continuimgpughout the summer as a foliar application
of fish emulsion and kelp (Mermaids, I.F.M., Werste, WA, USA; Acadian Seaplants,
Dartmouth, Nova Scotia, Canada). A soluble N lieer of fermented plant and animal waste
(Biolink, Westbridge Ag Products, Vista, CA, USA% N) was also injected below each tree at
18, 36 or 54 kg N hain mid-July for the L, M and H rates, respectively

In 2006, compost was applied in four split apglaras (April 7, May 9, May 25 and June
7); and in 2007 in three split applications (A8, May 25 and June 21). Nielsen’s chicken
manure compost (Mossyrock, WA, USA; 3.5% N, 51%ilabée in a 14-day anaerobic
incubation) was spread around the base of eachLfee 30 cm from the trunk, at 48, 101 and
152 kg available N Hayear* for the L, M and H rates, respectively. In 2006 2007 the BSM
treatment was given a reduced rate of compostléevdbr N release from seed meal, 62 kg
available N ha year' compost. Seed meal derived from the yellow must&mapsis alba cv.
Ida Gold (J. Brown, University of Idaho; 7% N) war®adcast over BSM plots at a rate of 1,136
kg ha', once in May 2005, three times in 2006 (May, Jand July) and three times in 2007
(April, May and June). BSM was incorporated irtte shallow at a shallow depth in May 2005,

May 2006 and June 2006. In July 2006 and all 2i§plications, BSM was left on the surface.

2.4 Sampling and analysis

Each year soil samples were collected in Aprildpto compost application), July and

September by taking one core per tree with a 2 ameter probe (0-10 cm depth), 15-30 cm

from the base of each tree and composited intcsangple per plot. Additional soil cores (15 cm

diameter, 0-10 cm depth), specifically for earthmvopopulation density and AM fungi root
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colonization were taken from 3 trees per plot ipt8mber 2007. April and July soil samples
were oven dried at 105°C for 24 hours and thengoh$lsrough a 2 mm sieve. September
samples were passed through a 2 mm sieve and sabrétC until analysis. Soils from all
sampling dates were analyzed for soluble N (ammmontunitrate) and readily mineralizable N
(RMN). Soil samples were mixed with deionized wate1:2.5 (w/v) and incubated at 40°C for
7 days (Schmidt and Belser, 1994). Nitrate and amom concentrations in both initial and
incubated samples were determined following extvacvith 1 M KCI using a continuous-flow
colorimetric analyzer (Alpkem, OR, USA). Readilyim@ralizable N was calculated by
subtracting the initial amount of available N fréinat present after incubation.

September soil samples were analyzed for totahdNG using a dry combustion analyzer
(Costech, CA, USA) in 2005 and 2007. Septemberptssnin 2007 were also analyzed for
dehydrogenase activity (Tabatabai 1994), C mirneatibn (Robertsoet al., 1999; Collinst al.,
2000), and microbial biomass measured by subsindigced respiration (SIR) (Anderson and
Domsch, 1978). The 15 cm soil core samples werdl lsorted to determine earthworm
population density. Apple tree roots recoveredanfisnil cores were cleared, dyed (0.4% Trypan
blue solution) and AM fungi root colonization wasiantified using the grid-line intersect
method (Reich and Barnard, 1984).

In 2007, fruit were thinned to 5 fruit per &imunk cross sectional area (TCSA) in June.
In July, four leaves were sampled from the middiedtof each sample tree, composited by plot,
oven-dried at 50 °C for 48 hours, ground and amayfor N concentration using a dry
combustion analyzer. In September, TCSA was calledl from tree circumference

measurements taken 20 cm above the graft unionframavere harvested.
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2.5 Statistical analysis

Statistical analyses were conducted using SASséftivare (SAS Institute, Cary, NC,
USA). Ground cover management and compost ragetsfbn soil N supply, total N and C, soil
biology and tree performance were analyzed withfagtor analysis of variance of a completely
randomized block design. Mean separation was bagmmh Fisher Protected LSD and

differences were considered significant at @.65.

3. Results and Discussion

3.1 N Supply

In this study the majority of soluble N was N@data not shown). Total soil N supply
was primarily in readily mineralizable forms in Alpof all years (Figure 8). The proportion of
N supply as soluble N increased in July and Septerobevery year as temperatures increased,
adequate soil moisture content was maintained gtrawigation (Zhang et al., 2008) and
compost N was applied, increasing N mineralization.

In 2005, neither ground cover treatment nor cormnpate significantly affected N supply
(Figure 8A). Nitrogen supply decreased in mostireents from April to July, and increased in
all treatments from July to September. It appéaastree N uptake and slow release of N from
pelleted chicken manure compost reduced N supplgighsummer. An organic soluble N
product was injected into the root zone during shkenmer and increased September soil N

supply. The bulk of September N supply was solil@nd because the majority of soluble N
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was NQ and not NH", was therefore susceptible to leaching and déoétion over the winter,
reducing N supply the following spring.

In 2006, N supply increased in all treatments frapril to July, then decreased in most
treatments in September (Figure 8B). Improved ohial activity has been shown to increase N
retention in apple orchards (Sancleal., 2003; Yaoet al., 2005), and the increased soil C at
this site (Hoaglandt al., 2008a) may have improved N retention over the avjntesulting in
greater N supply in April 2007 (Figure 8C). Neilsechicken manure compost was used in 2006
and 2007 and was more available (51%) than th&zi8an pelleted chicken manure compost
used in 2005 (28%); Neilsens compost may havesetedl into soil more quickly, causing the
larger fluctuations in N supply observed in 2006l &907. Also, N release from compost is
long-term. In years two and three N was releassdnly from that year's compost, but from
previous year's compost as well. We only sampted tlepth of 10 cm in this study; therefore
the decreased soil N supply in September 2006 alydahd September 2007 may reflect N
leaching below our sampling depth, but this N mayehremained available to apple trees.
Otherwise, different climatic conditions acrossrgeaay have affected N mineralization rates at
the orchard site.

Soil N supply was influenced by both ground corenagement and compost rate in
2006 and 2007. In July and September 2006, BSML&dhad significantly greater N supply
than CON, WG and WG,. In April 2007, N supply was elevated in NL,BSM, CLTy, NLCy
and LG, compared to B¢, CLT,, CLTy, WCy and LG. In September 2007, N supply was
greater in NLG, CLTy and W@, than CON, CLT, BSM, CLTy and NLG.

Total N and C content in soils were affected moyethe compost rate than by ground

cover management (Table 4). Total 2007 N and @eehrvas greatest in NLCCLTy, WCy
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and WGy, and corresponded with large increases in totahdl C from 2005 to 2007. In this
study, compost N was applied near tree trunks aiédamples were taken beneath the compost,
therefore N and C increases are localized to tkeoficompost application.

Brassica seed meals have been reported as a readdyalizable N amendment (Balesh
et al., 2005) that increases the nitrifying bacterialydagon in soils (Cohen and Mazzola, 2006).
In this study, N supply in BSM was consistentlyvalied, except in September 2007, but did not
increase total N or C compared to CON or\BEigure 6, Table 4). Consequently, differences
in N supply reflect an increase in the proportidntatal N that was readily available. The
additional compost applied to B&Eompared to BSM did not increase N supply; tocetrary,

N immobilization was observed in B@n July 2007.

We expected incorporation of compost into the sath cultivation to stimulate N
mineralization, increasing N supply. At the londamedium compost rates, however, N supply
and total N and C generally did not increase oM@NC However, at the high compost rate total
N and C increased significantly, and N supply wks/aed in April and September 2007.
Microbial turnover of N is often C-limited (Sancheizal., 2003), and lower compost rates may
not have supplied enough C to the soil to stimulteineralization; evidence of this is the N
immobilization observed in July 2007. These resalie consistent with Whalesh al. (2008),
who found that large amounts of compost were neaalattrease soil N9and total N.

Organic mulches and cover crops add large amoi@C to soils, stimulating soil
microbial processes (Wardkt al., 2001). In this experiment OC additions were wabip
mulch once per year, compost three times per peaigdic mowed plant litter and constant root
turnover and exudates. Addition of wood chips eased total soil N and C, with larger

increases at the high compost rate (Table 4). Mew&VC treatments also had the largest soill
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Table 5. Soil total N and C, C/N ratio in 2007 gretcent N and C increase from September
2005 to September 2007. Values within a columrnofdd by the same letter are not
significantly different (P_<0.05).

1417 cd 13535 cd 9.6 de 79 bcd 130 a
2415 a 22080 ab 9.2 efg 225 a 123 a

Cover (NLC)

N C C:N N inc. Cinc.
Treatment Rate| (mg/kg))  (mg/kg?) (%) (%)
Control (CON) N 1021d 9808 d 9.6 def 20 d -7c
Bare ground (BG) M 1289 cd 11879d 9.2 defg 77bc 4alk
Brassica (BSM) M 1375 cd 12132 d 8.9 efg 54 cd [d0 a
Cultivation (CLT) L 1068 d 9956 d 9.4 def 55 cd i1
M 1481 cd 12642 d 8.6¢ 115abc 42 ab
H 2137 ab 18593 bd 8.8 fg 180 ab 80 ab
Wood chips (WC) M 1674 bc 20058 ab 10.8b 125 abc04 db
H 2294 ab 25489 a 11.2a 131 abc 99 ab
Legume L 1198 cd 11935d 9.6 cd 97 bc 46 ab
Cover (LC) M 1382 cd 13166 cd 9.5 def 51 cd 8b
Non-legume L 1182 cd 12418d 10.5 bc 54 cd 17b
M
H

C:N ratio and soil N supply was generally low, sesting that a significant portion of soil N
may have been immobilized. Compost N may also Heen retained in the wood chip layer
before N could leach into the soil or was transggbiftom soil to the wood chip layer via fungal
hyphae (Larssomt al., 1997). Additional N may have been lost as organulches create
favorable conditions for N leaching and denitrifoatby increasing soil water content (Hoagland
et al., 2008a; Larssost al., 1997; Sancheet al., 2003). Nitrogen supply between LC and NLC
treatments did not differ significantly, but inceea with compost rate in 2007. Total N and C in
the treatments receiving the low and medium comgaist did not differ, and were significantly
lower than NLG;, which had increases in total N and C of 225% B28P6, respectively. L

increased N supply over CON and both WC treatmien2906, but not in 2007. It appears that
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in 2006 N fixation by the legume species may haedased N supply, but may have been out-

competed by grasses in 2007, reducing its impasbdrN supply.

3.2 Soil Biological Responses

Wood chip mulch and brassica seed meal were fal@rsubstrates for earthworms,
yielding the highest earthworm densities of 430 @68 m’, respectively, compared to the other
ground cover treatments (Table 5). Cultivation hadelatively low earthworm density,
consistent with other studies (Beare, 1997; Paretlal., 1990) both cultivation and herbicide
use reduced surface residue, reducing substraegaftrworms in CLT, BG and CON. However,
earthworm densities in CLT and BG treatments weagrifscantly greater than NLC, despite a
layer of thatch in cover crop treatments. Moistooepetition between apple trees and cover
crops may have created drier soil conditions reduearthworm activity. This is supported by
Parmaleest al. (1990), who observed reduced earthworm populatimuer drought conditions.
Differences in litter quality may have also affettarthworm populations. In a study examining
earthworm responses to different surface litteshl8n et al. (1999), reported that earthworm
activity decreased when using rye litter compam@dcaw manure. Earthworm activity can
enhance incorporation of surface litter and mayehalayed a role in increasing total N and C in
WC treatments (Beare, 1997).

The NLC treatment had the highest AM fungal rootonization, 36%, significantly
higher than all other treatments. Control also lmgh AM fungi colonization, 21.9%,
significantly greater then both the CLT (7.2%) &8%6IM (5.6%) treatments. Soil disturbance has

been reported to negatively affect root colonizaby AM fungi (Boddington and Dodd, 2000).
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Table 6. Solil biological responses to ground cawanagement, only the M rates of CLT, WC,
LC and NLC were evaluated. Values within a colufollowed by the same letter are not
significantly different (P_<0.05).

Earthworms  AM fungi root SIF Dehydrogena
Treatment #/m?) infection (%) pg Cgsoi)  pg TPF/hou
Control (CON) 26 cd 219D 1936 b 2.63 a
Bare ground (BG) 102 bc 14.2 bc 1962 b 443 a
Brassica (BSM) 355 a 56¢C 1947 b 2.37 a
Cultivation (CLT) 143 b 7.2cC 1999 b 2.29a
Wood chip (WC) 430 a 13.4 bc 1945 b 5.84 a
Legume cover (LC) 45 bcd 11.5 bc 2089 a 5.02 a
Non-legume cover (NLC) 11d 36.0 a 2123 a 5.72 a

Modifications to the soil microbial community bydssica seed meal (Cohen and Mazzola,
2005) may have inhibited AM fungi root colonizatioArbuscular-mycorrhizal fungi can aid the
decomposition of organic matter (Atul-Nayyeiral., 2009) and transfer of N from legume to
non-legume species (Frey and Schuepp, 1993), bthisnstudy low root colonization in LC
makes it difficult to determine if root infectionybAM fungi had any effect on plant growth.
Microbial biomass, as measured by SIR, was greatethe LC and NLC treatments
compared to all other treatments, which were simidat there were no significant differences in
dehydrogenase activity among treatments (data hotvrs). WC had significantly greater
cumulative CQ respiration than BSM and CON, and CLT had greatenulative respiration
than CON (Figure 9), suggesting that the labiled®lpvas largest in WC and CLT treatments
(Collins et al., 2000). Although there were nawveated levels of microbial biomass in WC there
was an increase in labile C. Wood chip mulch nmeayof specific species of fungi that break
down lignin and other polyphenols (Yabal., 2005), which may not be responsive to glucose.
Otherwise, low N supply observed in the WC treatiwenay have reduced potential microbial

activity. Increased microbial biomass in LC andQNinay have increased N mineralization and
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was likely caused by constant inputs of plantditad root turnover and exudates as sources of
C (Wardleet al., 2001). Reduced OC inputs in the CON, BG, BSM @hd treatments reduced
microbial biomass and labile C. Soil biologicaspenses reported here reflect the addition of

the medium compost rate and may have been changedifferent compost rate.
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Figure 7. Cumulative C{evolution during laboratory incubation
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3.3 Tree Responses

Fruit yields were greatest in ChTand WG, among all treatments (Table 6), significantly
greater than CLy, BGy and BSM, which in turn were significantly greatean CON and LC
and NLC treatments, regardless of compost rate., W&Cy, CLTy, and CLT treatments had
larger TCSA than CON and all LC and NLC treatments] BG, and CON had significantly
larger TCSA than LG and NLG. BGy, BSM, and all CLT and WC treatments had
significantly better yield efficiencies than LC amdLC treatments, which had better yield
efficiencies than CON. Leaf N was adequate forngptruit bearing apple trees regardless of
treatment (Stiles, 1994), but was lowest in CONCNBand NLG, treatments.

Elevated N supply in BSM did not translate intgonoved yield or tree growth compared
to BG, CLT or WC treatments. Lack of alternativeks for N in CLT treatments may have
increased tree N uptake, significantly increasimgldg and tree growth at all compost rates
compared to cover crop treatments, despite reddicedpply in CLT and CLTy. Increased N
supply in CLTy significantly increased fruit yields over CLTand CLTy treatments, but
increased risk of N leaching losses. Immobilizatiof N in the wood chip layer and
consequently low soil N supply did not negativelifeet tree growth, yield or leaf N.
Decomposing wood chips may have acted as bothkaasid a source of N, as tree roots were
observed growing into the wood chip layer. Both & NLC trees yielded lower than other
ground cover treatments, regardless of compost ratee growth and yield between LC and
NLC treatments were not significantly affectedts tow or medium compost rate, buty.Gad
significantly greater leaf N concentration. NLGpended to the improved soil N supply and

total N and C that was observed at the H compostwah significantly greater leaf N than at L
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Table 7. Apple tree performance in 2007. Valuethiwia column followed by the same letter
are not significantly different (P €.05).

Yield
Fruit yield TCSA efficiency Leaf N

Treatment Rate (kgl/tree) (cr) (kg/cnf) (%)
Control (CON) N 26e 16.6 cde 0.14 h 2.87 cde
Bare ground (BG) M 13.1c 16.6 cde 0.80 abc 3.@0 ab
Brassica (BSM) M 124c 17.7 bed 0.73 abcd 3.13a
Cultivation (CLT) L 13.8 bc 20.3 ab 0.69 cde 2.98 a

M 13.3c 15.8 def 0.87a 3.07 ab

H 17.6 a 215a 0.84 abc 3.10a
Wood chip (WC) M 14.1 bc 20.6 ab 0.69 bcd 3.09 a

H 16.5 ab 20.0 abc 0.85ab 3.04 abc
Legume cover (LC) L 5.7d 13.6 efg 0.43 fg 2.91 bcd

M 6.7 d 12.7 fg 0.52 ef 3.08 ab
Non-legume L 2.9de 115¢ 0.27 gh 2.77 de

cover (NLC) M 6.0d 14.0 efg 0.41 fg 273 e
H 8.0d 14.9 defg 0.60 de 3.01 abc

or M rates. It appears that NL@nd NLGy treatments were N deficient, affecting not onlg th

apple trees, but also the cover crops. N defigieran reduce cover crop growth, reducing the

supply of plant litter, root turnover and exudategshe soil, further limiting N mineralization.

Moisture and root spatial competition between careps and fruit trees likely decreased tree

growth and fruit yield in LC and NLC treatments, ialihhas also been reported in other studies

(Hoagland et al., 2008a; Sanchez et al., 2003).
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Table 8. Summary of soil and tree performance. lavws M = medium, and H = high.

Soil N Total Soll Tree Fruit Overall
Treatment Rate | supply N&C Biology growth Yield Performance
Control (CON) N L L L M L L
Bare ground (BG) M L L M M M M
Brassica (BSM) L H L M M M M
Cultivation L L L H M M/L
(CLT) M M L L M M M
H H H H H H
Wood chip mulch M L M H H M H/M
(WC) H L H H H H
Legume cover L M L L L L
(LC) M H L M L L L
Non-legume L L L L L L
cover (NLC) M M L H L L L
H H H L L M

3.4 Overall tree and soil performance

The high compost rate increased overall tree ailgperformance in CLT, WC and NLC
treatments (Table 8), with ClyTand WG, having the best over all performance. Maintaining
bare ground or bare ground + BSM increased perfocem@ver CON, but these treatments did
not perform as well as W§; WCy, or CLTy. The CLT treatments were affected by compost rate
with soil N supply and overall performance incregswith compost rate. Compost rate did not
affect the performance of LC treatments, whereagetlwas an increase in NLC performance at
the high compost rate. WC treatments performetebétan other treatments despite reduced
soil N supply.

In this study increasing the compost rate oftemaased soil N supply and total soil N
and C. However, both economical and environmeintglacts need to be considered when
examining the long-term sustainability of each nggmaent system. Increasing the rate of
compost application increases fertilizer costs amoke soluble soil N may have negative

environmental consequences if N leaching increasismight be more sustainable if the
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objectives of ground cover management were aswstloto reduce compost applications,
decreasing costs; to avoid environmental degradfatamd to improve soil quality while
enhancing tree performance. Using these critéeia WG, treatment appears to be the best

strategy of those we examined.

4. Conclusions

Ground cover management had significant impactsanN supply, total N and C, soil
biology, tree growth and fruit yield. However, Ishi supply was not significantly affected by
ground cover treatment or compost rate until theosé and third years of the study. Large
compost additions significantly increased N supply cultivation and non-legume cover
treatments, but did not affect wood chip mulch.ad3ica seed meal increased soil N supply and
earthworm density, but did not affect tree growthyield compared to B Cultivation with
large compost additions resulted in the greatast frield and elevated soil N. However,
cultivation reduced earthworm population, AM fungiot colonization and soil biological
activity, negatively impacting the long-term sustdility of this system. The use of cover crops
improved soil N supply and biological activity bewmpetition between apple trees and cover
crops severely reduced tree growth and yield. Waod mulch improved total soil N, C, labile
C and earthworm density, increasing tree performatespite lower soil N supply, and appears

to be the best system overall, of those studied.
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CHAPTER 4

CONCLUSIONS

Ground cover management and compost rate inflaesog biology and soil N and C
pools, affecting tree performance. Ground covenagament had significant impact on soil N
supply, total N and C, soil biology, tree growthddruit yield. However, soil N supply was not
significantly affected by ground cover treatmentompost rate until the second and third years
of the study.

Nitrogen reserves and compost application timifaygd important roles in fruit and
vegetative growth and partitioning of compost Nttee components. Fruit and leaves were
strong sinks for N early in the summer, but as ¢kason progresses N was preferentially
allocated in woody tissues, roots, frame and newtir, bolstering N reserves.

Brassica seed meal increased soil N supply anthvearm density, but did not affect
total soil N and C or tree performance comparedB@,. However BSM and Bfp trees
performed better than LC and NLC trees, despitg B&ving low soil biological activity and N
supply. Legume cover crop and non-legume cover tieatments increased soil N supply and
microbial activity, but had poor tree growth anditfryield. In the LC treatment compost N
accounted for 20-100% of cover crop biomass N amdpetition between trees and cover crops
reduced N accumulation and compost N-use efficiency

Greater vegetative growth in WC increased thedxagle capacity of WC trees compared
to CLT and LC trees, allowing for larger N reserwath the potential to increase spring leaf and
fruit growth. Wood chip mulch, regardless of comsiprate, also increased fruit yield compared

to LC, NLC and CON. Nitrogen immobilization in Wappears to have reduced soil N supply,
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but did not reduce compost N-use efficiency in Wijch was greater than LC. Wood chip
mulch also positively impacted soil quality by imping total soil N, C, labile C and earthworm
activity. As the orchard matures, however, oveityorous tree growth could increase orchard
management costs through increased pruning anddatlffeculty in training limbs to leaders.
At which point it may be necessary to compliment Wigh other management strategies such as
deficit irrigation, reduced N applications, alteyioompost application timing or switching to a
ground cover strategy to reduce vegetative growth.

Cultivation trees partitioned a larger percentafydry weight and N into fruit compared
to other treatments, resulting in high fruit yieliisspite reduced vegetative growth. Trees under
CLT also had high compost N-use efficiency, largélye to increased dependence on compost
for N compared to WC trees. Cultivation reducedthgorm populations, AM fungi root
colonization and soil biological activity, negatiyempacting the long-term sustainability of this
system. However, at the high compost rate CLTthadyreatest fruit yield and elevated soil N.

Increasing the rate of compost application inaedsrtilizer costs and more soluble soil
N may have negative environmental consequencesldakhing increases, reducing the long-
term sustainability at the high compost. It migbtmore sustainable if the objectives of ground
cover management were as follows: to reduce commudications, decreasing costs; to avoid
environmental degradation; and to improve soil igalvhile enhancing tree performance.

Using these criteria the Wfreatment appears to be the best strategy of thesxamined.
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