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Abstract. In an organic apple orchard, standard mechanical cultivation was compared
with four different orchard floor management systems (OFMS): acetic acid (V), living
mulch (L), a sandwich system during the growing season (SSS), and a sandwich system
during the whole year (SSW). The effects of these OFMS on weed management, soil
conditions, tree growth, tree yield, fruit quality, and fruit storage potential in a cool
climate were evaluated. Acetic acid treatment showed good weed suppression without
any amendatory effect on soil conditions, fruit quality, or tree performance. The L and
SSS systems increased soil respiration, decreased tree vigor, and improved fruit quality,
but had no sufficient influence on weed competition and thus decreased fruit yield. Only
SSW gave better weed control, higher soil respiration, and acceptable tree growth with
no yield reduction. Fruit from this system also showed better quality at harvest than fruit
from other OFMS and maintained this good quality during storage. A 6-week weed-free
period from late May to mid-July gave the highest apple yield in two OFMS (SSW and V).

Apple trees are relatively poor competi-
tors with other vegetation because of their
low root density per unit of soil, 1 to 10 cm
root per cm3 compared with 103 cm per cm3

for grasses (Neilsen and Neilsen, 2003).
Therefore, high tree productivity depends
on low weed competition (Granatstein,
2003; Weibel and Häseli, 2003). In organic
apple orchards, floor vegetative cover can be
used to improve soil fertility and moisture
retention, control soil erosion, increase yield,
and develop fruit quality and storage poten-
tial, as well as reducing weed competition
(Granatstein and Mullinix, 2008; Stefanelli
et al., 2009; Zoppolo et al., 2011).

Herbicides are recognized as being a highly
effective and relatively inexpensive method
for limiting weed competition (Merwin, 2003).
However, use of herbicides is very restricted in
integrated apple production and they cannot be
used in organic orchards as a result of potential
adverse effects on the environment, human
health, soil microbial activities, and ground-
water quality (Atucha et al., 2011; Glover
et al., 1999; Merwin et al., 1995).

Tillage within the tree row is a widely
used weed control strategy in organic

orchards. New equipment for weed control,
which permits tillage between adjacent tree
trunks, improves tree vegetative growth effi-
ciency (TerAvest et al., 2010). However,
tillage can have negative effects on the
growth of young trees (Hogue and Neilsen,
1987) and on soil quality (Hoagland et al.,
2008). It also increases nitrogen leaching
from the root zone (Weidenfeld et al.,
1999), impedes internal water drainage
(Merwin and Stiles, 1994), disrupts surface
roots (Cockroft and Wallbrink, 1996), and
lowers soil cation exchange capacity and soil
organic matter content (Wooldridge and
Harris, 1991). To avoid these negative im-
pacts, mechanical tillage should be replaced
with new floor management systems that are
productive under the constraints of organic
fruit growing (Delate et al., 2008).

Acetic acid (vinegar) has been shown to
be effective as a non-selective herbicide in
controlling some weeds (Johnson et al.,
2004). It is used as weed killer in organic
orchards in the United States and it is
authorized in several European countries
such as Belgium, Denmark, France, Sweden,
and the United Kingdom, where concentra-
tions of up to 240 g·L–1 are used (Delate et al.,
2005; SANCO, 2013). However, acetic acid
may show poor suppression at low doses,
damage low-hanging leaves on apple trees,
and decrease soil pH (Markhart et al., 2005).

Although different natural and artificial
mulches (such as legume biomass, wood
chips, aluminum, bark, propylene) suppress
weeds, maintain soil moisture, affect soil

temperature, increase organic matter, and
enhance soil microbial activities, their use is
still restricted because they are expensive and
labor-intensive (Sanchez et al., 2003; Tahir
et al., 2005; Yao et al., 2005). They may also
increase the populations of rodents and other
pests (Granatstein and Mullinix, 2008; Merwin
et al., 1999).

Establishment of one or more crops in the
tree row (living mulch) to prevent weed
competition can produce conflicting effects.
In some studies it improved soil fertility and
water-holding capacity (Merwin et al., 1994),
but in others, it decreased root and shoot
growth (Atucha et al., 2013; Merwin and
Stiles, 1994), delayed fruit maturity, and
reduced yield as a result of competition with
the fruit trees (Goh and Ridgen, 1995; Marsh
et al., 1996).

The ‘‘sandwich’’ system has been devel-
oped in Switzerland as a new method of
living mulch combined with modified tillage.
Annual or perennial crops are sown in a nar-
row strip (40 to 50 cm wide) within the tree
row, whereas the soil to each side of this strip
is tilled (Weibel et al., 2007). Weed control
around the tree trunks can be avoided by
having a low-growing vegetated strip and the
narrow cultivated strip at each side of the tree
row can provide a competition-free zone for
tree roots (Schmid and Weibel, 2000; Weibel
and Häseli, 2003). This method is reported to
show the lowest costs for practical weed
control without any negative effect on tree
performance and yield (Stefanelli et al.,
2009). The sandwich system can also de-
crease pests and diseases and increase bio-
diversity (Schmid and Weibel, 2000),
improve soil conditions, and enhance nutrient
cycling (Stork and Jerie, 2003; Yao et al.,
2005). However, several challenges to sand-
wich systems must be resolved such as
choosing living mulch mixtures that have
minimal competition, avoiding rodent prob-
lems, and adjusting vegetation growth with-
out any negative effects on apple yield, fruit
quality, and storability.

The aims of the present study were to
investigate different OFMS in an organic
apple orchard adapted to a cool climate and
evaluate their effects on weed management,
soil nutrient content, and soil physical con-
ditions as well as apple yield, quality, and
storability to replace standard tillage with
new floor management systems.

Materials and Methods

Site description and experimental design.
The study was conducted in an apple (Malus
domestica var. Amorosa) orchard located in
Kivik, southeastern Scania, Sweden (lat.
55�40#57$ N, long. 14�13#18$ E). Mean
monthly temperature at the site ranges be-
tween –2 �C (January) and 18 �C (July) and
mean annual rainfall is 600 to 700 mm. The
orchard soil is a sandy loam with pH 5.9 to
6.2 and organic matter content 1.4% to 2.0%.
A completely randomized block design was
used with five treatments (standard mechan-
ical cultivation and four OFMS) and four

Received for publication 2 Oct. 2014. Accepted for
publication 9 Dec. 2014.
Financial support for this study was received from
SLU EkoForsk, Partnership Alnarp, and the Pro-
gram for growth in Swedish horticulture, all at the
Swedish University of Agricultural Sciences.
1To whom reprint requests should be addressed;
e-mail ibrahim.tahir@slu.se.

434 HORTSCIENCE VOL. 50(3) MARCH 2015



replicates. Each replicate consisted of 10
trees, but only the central six trees were
used for measurements. The orchard was
drip-irrigated, which was generally restricted
to prevent leaching based on tensiometer
monitoring with an iMetos (iMETOS�ag;
operation manual; Pessl Instruments GmbH
Weiz, Austria; July 2005). The apple trees
were grafted onto dwarf rootstock (M9)
planted in Spring 1998 (with 4 m between
rows and 1.5 m within rows) and trained to
a super spindle form. Pruning was performed
each year in early April to maintain this
shape. The orchard was fertilized each year
with an organic fertilizer (Bina Blue, Garta,
Sweden) providing 25 g nitrogen (N), 4 g
phosphorus (P), and 60 g potassium (K) per
tree in May and 7, 1.1, and 16 g per tree,
respectively, in June. Pest control was per-
formed according to official regulations for
commercial organic apple production im-
posed by the Swedish Board of Agriculture
(Jordbruksverket, 2014).

Orchard floor management systems. Five
floor management systems were selected and
established in an organic apple orchard in
Mar. 2008:

1. Mechanical cultivation (M): A 1.5-m
wide strip of the tree row was tilled
three times per season (May, June, and
September) using a rotary cultivator
(Tournesol, Pellenc, France). The trac-
tor speed for mechanical cultivation
was�5 km·h–1 and the tillage disturbed
only the upper 8 cm of the soil.

2. Vinegar (V): Acetic acid (12%) was
sprayed directly on the weeds at the
three- to five-leaf stage in a 0.4-m wide
strip under the trees on three occasions
per season (June, July, and September)
using an orchard weed sprayer (Hardi,
Denmark) applying 3060 L·ha–1 at
a driving speed of 3.5 km·h–1. On each
side of this sprayed strip, two strips of
soil (40 cm wide) were shallow-tilled
by the rotary cultivator (upper 8 cm of
the soil) using the same schedule as in
treatment M.

3. Living mulch, vegetation cover crop
(L): A mixture of permanent weak
grasses comprising perennial ryegrass
[Lolium perenne L. cv. Greenway S
(20%) and cv. Greenfair S (30%)],
meadow grass [Poa pratensis L. cv.
Conni S (45%)], and white clover [Tri-
folium repens L. cv. Pirouette’’ (5%)]
was established in the tree row (150 cm
wide) in May 2008 with a seed rate of
4 kg/100 m and was mown at 6-cm
height three times per season using
a Perfect Solo-Swing mower (Van
Wamel B.V., The Netherlands). The
clippings were mulched into the tree
row. The vegetative cover (living
mulch and weeds) in this plot was not
cut during the rest of the year.

4. Sandwich system during the growing
season (SSS): The same plant mixture
as in treatment L was established in
a band (40 cm wide) underneath the

tree canopy, with the same seed rate,
each year in April and mown three
times per season. The clippings were
mulched into the tree row. On each side
of this area, two strips of soil (40 cm
wide) were shallow-tilled by Pellenc
(in the upper 8 cm of the soil) using the
same schedule as in treatment M. Each
year after harvesting, the whole soil
area under the tree canopy was tilled in
mid-November. In June 2009 and
2010, this plot was given an additional
dose of the same fertilizer (Bina Blue)
as used for base fertilization, supplying
3 g N, 0.5 g P, and 7 g K per tree, to
reduce N deficiency, which was noted
in the 2008 season.

5. Sandwich system during the whole
year (SSW): The same plant mixture
as in treatment L was established in
a narrow strip (40 cm wide) underneath
the tree canopy, with the same seed
rate, in Apr. 2008 and mown three
times per season. The clippings were
mulched into the tree row. On both
sides of the area, two strips of soil
(40 cm wide) were mechanically tilled
as described previously. The vegetation
strip was left undisturbed during the
rest of the year.

Weed evaluation. Vegetative cover was
visually evaluated in each plot in each year
according to Hansson and Ascard (2002) and
Melander (1997). An area of 5.6 m2 (5 ·
1.125 m per plot) was randomly chosen and
cover weeds were cut, counted, and identified
to species level. However, only weed data for
the last year are reported here, because the
effect of each OFMS increased with time,
although there were no significant differ-
ences between the 2009 and 2010 seasons.
In 2010, for example, weed assessments were
performed on the following dates: 6 Apr.,
25 May, 7 and 21 June, 2 and 19 July, 9 Aug.,
and 22 Sept. The effectiveness of each OFMS
was evaluated as percentage weed cover.

Soil nutrient availability. Soil samples
from 0- to 20-cm depth were randomly
collected with a metal corer in April and July
in 2009 and 2010. Visible weed residues were
removed. Each sample was a composite
obtained by mixing five cores, each taken at
the midpoint between two trees in the repli-
cate. The samples were stored in paper bags
(four bags per OFMS) at 5 to 6 �C until
analysis. Inorganic nitrogen (NO3

-) was mea-
sured using a colorimetric method (Page
et al., 1982). Other nutrient concentrations
were determined by the atomic absorption
spectroscopy (AAS).

Soil respiration. Soil samples were col-
lected in late June 2009 and 2010. Five
subsamples of 20 g were extracted in metal
cores (3 cm diameter) to a depth of 20 cm
within each replicate at the midpoint between
every two trees. The subsamples were mixed
together and kept in a cold room (5 to 6 �C)
for 30 h. A 20-g portion was taken from this
composite sample, placed in a sealed jar, and
incubated with a 0.5 M NaOH alkali CO2

trap. Soil respiration (CO2 production) was
estimated weekly for 1 month (1 week of
incubation per measurement) using a gas
chromatograph (Varian Inc. 3700; two-column
Hayesep Q1/4$ · 8$ and Molsict 5, 3/8$ · 3$)
as described by Alef (1998).

Soil moisture. All weather data (rainfall,
air temperature, soil moisture) were mea-
sured by iMETOS�ag (Pessl Instruments
GmbH) and stored in an Internet climate
database. Trees were irrigated when the water
deficit exceeded 40 cBar.

Plant analysis, tree nutrition, and light
intensity. Light penetration within the canopy
was estimated randomly in each plot at
1500 HR local time on a sunny day, once
a week during July to August in 2009 and
2010. These measurements were conducted
at the center of the trunk, from four directions
along the crown and 70 cm above the ground,
using a light meter (L1-188; L1-COR, Fred-
erickson, Copenhagen, Denmark). Full sun-
light was measured (at the same time and
height) in a free area (between rows). Sun-
light penetration was calculated as the
amount of sunlight that reached the orchard
floor and midcanopy compared with full
sunlight. This was done by dividing the
photosynthetic photon flux (PPF) within the
canopy at the four positions by the simulta-
neously recorded open sky PPF subtracting
the value obtained from 1 and expressing the
result as a percentage. A sample of leaves
was taken randomly from the same trees in
each plot in June and September every year
under similar weather conditions. Each leaf
sample contained 100 new midterminal
leaves from current-year shoots in the center
section of the tree. The leaves were washed
with distilled water, dried at 60 �C, and
analyzed by AAS for determination of P, K,
calcium, and magnesium and by the Kjeldahl
method for determination of total N. Leaf
greenness was also estimated weekly in June
and September using a handheld chlorophyll
meter (SPAD, Hydro, Sweden) on 30 mid-
terminal leaves per plot and week. A sample
of 30 apples was picked randomly from each
plot 3 weeks before normal commercial
harvesting time and analyzed for macro-
and micronutrients as described previously.

Tree performance and yield. Tree growth
was estimated by two measurements: 1) trunk
growth: the differential increase in trunk
cross-section area (TCSA, cm2) was mea-
sured every year in April at 30 cm above graft
union (TCSA = radial2 · p); and 2) shoot
growth: three shoots were randomly selected
at the bottom, center, and top sections of each
experimental tree. Shoot length was mea-
sured using a ruler in April and October
during each season to evaluate shoot exten-
sion [new growth % = (length in October –
length in April) · (length in April)–1].

Apple yield (t·ha–1), number of fruit, and
cumulative yield during the 3 years were
recorded. Yield efficiency was calculated as
total yield divided by TCSA in the previous
year.

Fruit quality and storage potential. Fruit
maturity was evaluated by estimating
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ethylene production on three fruits per tree
and plot twice a week during August to
September each year. The fruits were placed
in 0.5-L jars at 20 �C, which were sealed for
3 to 4 h before measurements. Ethylene was
quantified by gas chromatography (Agilent
GC 6850) equipped with a flame ionization
detector, automatic gas sampling valve
1000 mL, 150 �C, and fitted with a capillary
column HP plot Q 30 · 0.53 mm · 40 mm
(Agilent). Analyses were run isothermally
with an oven temperature of 70 �C and
a detector temperature of 250 �C. The flow
rate used for N, hydrogen, and compressed
air was 20, 45, and 225 mL·min–1 respec-
tively. Ethylene was quantified by peak area
and external standards were used for calibra-
tion. Evaluations and calculations were car-
ried out with Chemstation version 9.03
(Agilent Corp). At the optimal date for var.
Amorosa, when ethylene production reached
at least 0.1 to 0.5 mL·L–1·kg–1·h–1 according to
Tahir (2006), fruits were harvested, weighed,
counted, and their quality evaluated. In all
treatments, the following fruit quality param-
eters were estimated in four replicate samples
of 40 fruits per treatment:

- Fruit coloration was measured by a col-
orimeter (Chromameter, Model CR200
with an 8-mm diameter window; Minolta
Camera Co., Ltd., Osaka, Japan) and
expressed as +a* for red color, –a* for
green color, +b* for yellow color, –b* for
blue color, and L for luminosity. Skin color
variations were expressed as color index
[CI = (1000 · a*)(L · b*)–1] (Camelo and
Gomez, 2004).
- Firmness was measured on opposite,
peeled sides of each fruit using a penetrom-
eter (Model FT 327; Effegi, Italy; plunger
diameter 11.1 mm, depth 7.9 mm) and the
results expressed as Newton.
- Titratable acidity (TA) was measured as
malic acid on juice extracted from com-
posite samples of segments of 10 fruits per
tree using a titration unit (Titroline Easy;
SCHOTT Instr. GmbH, Germany) and
0.1 M NaOH to an endpoint of pH 8.2
and the results expressed as % acid (v/v).
- The extracted juice was also used for
measurement of soluble solids concentra-
tion (SSC) using a refractometer (Atago
PR-100; Atago Co. Ltd., Tokyo, Japan)
and the results expressed as �Brix, which
are equivalent to % sugar (w/w) at 20 �C.
- Taste was evaluated as SSC:TA ratio.

A sample of 25 fruits was picked from the
inside and outside the top and center sections of
each tree (a composite sample of 150 fruits per
replicate) and stored in controlled-atmosphere
storage (CA; 2.0 kPa O2 and 2.0 kPa CO2) for
4 months. CA storage was achieved in
computer-controlled 350-L chambers (Nino-
lab, Upplands Väsby, Sweden) with gas
composition established 3 d before placing
the apples in the chambers. Post-storage
quality was estimated for 15 fruits per OFMS
and replicate. Because fruit can develop an
undesirable ‘‘mealy’’ texture when kept at

room temperature for daily home consump-
tion or by small-scale distributors and re-
tailers (Varela et al., 2005), fruit quality must
be properly assessed after storage at ambient
conditions. Therefore, stored fruits were kept
after storage in a plastic chamber at 18 ± 2 �C
and 80% relative humidity for 1 week (shelf
life) before evaluation of quality and stor-
ability. Fruit storage potential was estimated
according to the changes in different quality
parameters and the occurrence of fungal and
physiological disorders during storage and
shelf life. The incidence of physiological
disorders (soft scald, flesh browning, and
internal breakdown) and storage rots was
determined according to Sandskär (2005)
and Tahir (2006) and expressed as percentage
of damaged fruit.

Statistical analysis. Data were analyzed
with a mixed-model analysis of variance with
year (2008–10), OFMS and their interactions
as fixed effects for weed cover, tree growth
(TCSA and shoot extension), soil nutrient,
leaf greenness, leaf and fruit nutrient content,
light transmission, yield, fruit quality param-
eters at harvest, post-storage, and after shelf
life and storage decay. Multiple comparisons
were made with Tukey’s post hoc test (a =
0.05). In all analyses, the Minitab 16 program
was used.

Results

Weed control. The various OFMS had
significantly different effects (P < 0.05) on
weeds. During the season (April to Septem-
ber), the treatment with L had the highest
weed cover, �48% including the L, com-
pared with 18.3% for mechanical cultivation
(M) and 20.0% for V. Both sandwich systems
showed lower weed density, with �25% for
SSW (during the whole year) and 31% for
SSS (during the season). Weed growth was
relatively weak before and during the flower-
ing period and rapidly increased in all plots
during the 2 weeks thereafter (P < 0.05, e.g.,
in 2010 season) (Fig. 1). Between 13 and 65 d
after full bloom (DAFB), weed biomass de-
creased in all plots except L, where they

increased or at least remained high (Fig. 1).
The M and V treatments had greater suppres-
sive effects on weeds than either of the
sandwich systems, whereas SSW restricted
weed growth more strongly than SSS. How-
ever, weeds started to show very weak
growth by 65 DAFB (15 July) in all OFMS.
Rapid growth occurred again after 86
DAFB, resulting in non-significant differ-
ences among the five treatments (Fig. 1).
The composition of weed species was rela-
tively similar in the orchard in Spring 2008.
However, it had changed significantly by
Sept. 2010 as a result of the effects of
different OFMS. Elymus repens L. and Che-
nopodium album L. were the most common
weeds with the former found in 16 of 20 plots
and the latter in five of 20 plots. These two
types of weeds are the most frequently
occurring in Swedish orchards. A noteworthy
finding was that the different OFMS affected
the two weed species differently. Elymus
repens was less frequent in treatment L and
Chenopodium album was less frequent in
treatments V and SSS than in the other OFMS
in the study. However, the number of weed
species was higher in both sandwich systems
compared with the other OFMS, whereas the
weed species were less aggressive than the L,
partly depending on the regular mowing.

Yield, fruit weight, and yield efficiency.
The effects of the OFMS on apple yield
and yield efficiency were more consistent
throughout the 3-year study period. Treat-
ment SSW had no negative effect on cumu-
lative yield, whereas V increased it by 10%
and L and SSS decreased yield by 20%
and 10%, respectively, compared with the
M treatment (P < 0.05) (Table 1). In 2008
there were no clear differences between
systems, whereas during the third year
(2010), the negative effect of the L and SSS
treatments on yield was more obvious (Table
1). In 2008, the L and sandwich systems
decreased fruit weight by 10% compared
with M and V. During 2009 and 2010, only
SSS had this negative effect, whereas SSW
increased fruit weight by 13% compared with
M and V. However, most of the small fruit

Fig. 1. Weed cover (incl. living mulch) during the season 2010 in relation to application of different
orchard floor management systems (OFMS) (controlled area 5.6 m2). L = Living mulch; SSW =
sandwich system during whole year; SSS = sandwich system during the season; M = mechanical
cultivation; V = vinegar treatment; DAFB = days after full blooming. Bars represent confidence
interval between OFMS at P # 0.05 according to Tukey’s test.
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were found in SSS plots, whereas the other
systems resulted in economically optimum fruit
weight of 125 to 140 g (P < 0.05) (Table 1).

Trees in L and SSS plots also showed
lower yield efficiency during the 3 years.
However, the yield efficiency of trees in SSS
plots improved later, resulting in a significant
difference compared with L. Treatments
SSW and M had the highest yield efficiency
followed by V (Table 1). There was a linear
correlation between yield and weed cover.
During the season, a reduction of weed cover
by 10% increased apple yield by 4 t·ha–1 (R2 =
0.537; P = 0.001) (Fig. 2A). The most
important period was found to be between
late May and mid-July, because reducing
weed density (by 10%) only during these 6
weeks increased fruit yield by 1.8 t·ha–1 (R2 =
0.539; P = 0.001) (Fig. 2B). There was no
clear relationship between weed cover during
the preharvest period and apple yield.

Tree growth. The OFMS influenced tree
growth with significant differences between
treatments (P < 0.05). TCSA showed a higher
increase for trees in SSW plots followed by
trees in V and M plots, whereas SSS and L
plots showed the lowest development (Table
2). In 2009, trees in M and V plots had the
highest shoot extension followed equally by
trees in other plots (P < 0.05) (Table 2). The
lowest extension was found in SSS plots.
Again in 2010, M caused the highest shoot
growth followed by V, SSW, L, and SSS in
that order. However, the L and SSS treat-
ments significantly (P < 0.05) reduced the
growth rate of the canopy during the study
(Table 2).

Soil fertility. In April and July in 2009 and
2010, soil N concentration in the L and SSS
plots was lower than that in the M and V
plots. The SSW plots had a higher N content
than the L and SSS plots in Apr. 2009, but
these differences disappeared in July, result-
ing in lower N content compared with M and
V plots (P < 0.05) (Table 3). Again in 2010,
the SSW plot contained higher soil nitrogen
than the L and SSS plots. Soil K concentra-
tion was significantly greater in L, SSS, and
SSW plots during 2010 than in M and V plots.
Corresponding differences were not observed
in 2009. Different OFMS did not affect mag-
nesium and P content in the soil (data not
shown). SSW plots had higher soil calcium
content during 2009 and 2010, whereas SSS
and L had lower soil calcium in 2009 than the
M and V plots. Soil pH in the plots with acetic
acid added (V) was not higher than in the other
OFMS plots (Table 3).

Soil respiration. Cumulative CO2 levels
in soil samples from L and sandwich plots
were higher than in the soil samples from
M and V. However, only soil from SSW and
SSS continued to show relatively high respi-
ration at the end of the study period in July
(both years), whereas no significant differ-
ences were found among the other three
treatments (P < 0.05) (Fig. 3).

Light intensity. Measurements of light
penetration into the tree canopy did not show
any clear differences between OFMS in July
2009, but both sandwich systems and the L

treatment improved light intensity in Aug.
2009 and in the whole 2010 season compared
with M and V plots (P < 0.05) (Table 4). Fruit
from L and sandwich system plots had higher
coloration than fruit from M and V plots
(Table 4). The results were clearer in the
2010 season. A positive significant correla-
tion was found between light intensity during
August and fruit coloration at harvest in all
plots (Pearson; r = 0.89 and 0.92 in 2009 and
2010, respectively). No significant correla-
tion was found between light intensity in July
and fruit coloration.

Leaf nutrient content. Tree leaves in the
M and V plots had a higher N content that
those in the other OFMS plots during Sept.
2009 and in June and Sept. 2010 (P < 0.05)
(Table 5). These two systems also showed
better leaf greenness compared with SSS and
L (Table 5). A strong correlation between
leaf greenness and N content (Pearson r =
0.9144) was found only in June 2009 and
2010. Although SPAD readings (chlorophyll)
increased in September of other years, N
content as a percentage of dry matter did
not change, regardless of OFMS. Leaves

Table 1. Various orchard floor management systems (OFMS) affect yield and fruit weight in an organic
apple orchard during 2008–10.

OFMSz

Yield (t·ha–1) Fruit wt (g)

2008 2009 2010 Cumulative yield 2008 2009 2010
M 13.8 ay 11.4 c 19.5 a 44.7 b 139.5 ay 101.8 b 123.5 c
V 12.9 ab 16.4 a 19.5 a 48.8 a 147.6 a 104.4 b 130.7 b
L 11.9 b 10.9 c 12.8 b 35.6 d 123.3 b 131.3 a 128.2 b
SSS 11.1 b 13.8 b 15.6 b 40.5 c 125.5 b 97.3 b 118.7 d
SSW 11.4 b 13.4 b 19.0 a 43.8 b 127.5 b 134.8 a 154.8 a
zOFMS = orchard floor management systems; M = mechanical cultivation; V = vinegar treatment;
L = living mulch; SSS = sandwich system during the season; SSW = sandwich system during whole year.
yValues followed by the same letter are not significantly different at P # 0.05 according to Tukey’s test.

Fig. 2. Correlation between average weed cover and yield (season 2010) (A) during the season (6 Apr. to 22
Sept.), regression line f(x) = 24,254 – 0,2363*x. R2 value = 0.539. R = 0.734 (R*R = R2), P = 0.001 for
regression. (B) During the cell division period (15 May to 2 July), regression line f(x) = 20.836 –
0.1079*x. R2 value = 0.537. R = 0.733. P = 0.001 for regression. OFMS = L = living mulch; SSW =
sandwich system during whole year; SSS = sandwich system during the season; M = mechanical
cultivation; V = vinegar treatment.
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from the L, SSS, and SSW plots had lower K
content in June of both years (2009 and 2010)
compared with M and V plots. These signif-
icant differences disappeared in September.
In both seasons, leaf calcium content
remained higher in trees from L, SSS, and
SSW plots compared with trees from the M
and V plots (Table 5). The magnesium and P
contents in leaves were unaffected in both
June and September (data not shown).

Fruit quality. A clear effect of various
OFMS on fruit maturation was observed.
Changes in ethylene production were earlier
and faster in fruit from M and V plots
compared with fruit from L and both sand-
wich systems (Fig. 4; e.g., P < 0.05 for 2010).
The different OFMS did not give any signif-
icant effects on fruit quality at harvest re-
garding, e.g., flesh firmness, SSC, acidity
(TA), and fruit taste (SSC:TA ratio) (data
not shown). A clear relationship was ob-
served between OFMS and fruit coloration
and potassium:calcium (K:Ca) ratio, because
the L and sandwich systems improved fruit
coloration (Table 4) and had a lower K:Ca
ratio 3 weeks before harvesting compared
with M and V (P < 0.05) (Table 6).

Fruit storage potential. Because no stor-
age disorders were noted during the three
seasons, analysis of storage decay was re-
stricted to fungal diseases. Amount of fungal
decay increased as a result of M in compar-
ison with the V and SSW treatments in the
2008 season and in comparison with all other
OFMS treatments in the 2010 season (Table 6).
No significant differences between OFMS
were found in 2009. The main agents of this
decay were Neofabraea sp., Penicillium
expansum, and Fusarium sp. Fruit softening
during storage was unaffected by different
OFMS except in SSW plots, where fruit
showed less softening in 2008 and 2009
compared with fruit from other OFMS plots.
During shelf life studies, fruits from the L and
sandwich systems plots were 25% firmer than
fruits from the M plots and showed lower
softening (P < 0.05) (Table 7). SSC in all
fruits increased during storage and decreased
during shelf life. No significant differences
between OFMS were found (data not shown).
Fruit acidity declined during storage and
shelf life. Acidity was better maintained in
fruits from SSW plots after storage and in
fruits from L, SSS, and SSW after shelf life
compared with fruits from M plots (Table 7).
Fruit taste changed during storage as a result

of acidity decline. A lower negative change
was detected in fruits from SSW plots after
storage and in fruits from L, SSS, and SSW
after shelf life as a result of a moderate
increase in SSC and less TA deterioration
(Table 7).

Discussion

In organic apple orchards, one of the most
serious challenges is to achieve active in-
tegration between limiting weed competition,
availability of nutrients, optimal tree growth,

Table 2. Various orchard floor management systems (OFMS) affect tree growth and yield efficiency in an organic apple orchard during 2008–2010.

OFMSz

TCSAy (cm2) Development of TCSA during the study (%)x Yield efficiency (yield/TCSA) (g·cm–2) Shoot extension (cm per season)

Apr. 2008 Apr. 2009 Apr. 2010 2008 2009 2010 2009 2010

M 29.2 15.8 aw 17.0 c 0.29 a 0.20 bc 0.30 a 24.7 a 27.8 a
V 33.2 14.2 c 20.1 b 0.24 b 0.22 b 0.22 b 23.0 a 24.9 b
L 38.5 15.0 b 13.0 d 0.19 c 0.17 c 0.18 c 20.0 b 20.5 c
SSS 38.5 16.1 a 14.2 d 0.17 c 0.21 b 0.21 b 16.0 c 18.5 d
SSW 26.4 16.0 a 24.5 a 0.26 ab 0.26 a 0.30 a 20.7 b 23.6 b
zOFMS = orchard floor management systems; M = mechanical cultivation; V = vinegar treatment; L = living mulch; SSS = sandwich system during the season;
SSW = sandwich system during whole year.
yTCSA = trunk cross-sectional area.
xDevelopment in % = (TCSA in April of this season – TCSA in April of the last season)/(TCSA in April of the last season)–1.
wValues followed by the same letter are not significantly different at P # 0.05 according to Tukey’s test.

Table 3. Soil nutrient availability resulting from different orchard floor management systems (OFMS) in an
organic apple orchard, which was fertilized in May and June.

OFMSz

Season 2009 Season 2010

Mg/100 g

pH

Mg/100 g

pH

NO3 (kg·ha–1) DW, July NO3 (kg·ha–1) DW, July

April July K Ca April July K Ca

M 16.9 ay 48.4 a 30 a 120 b 6.2 a 15.4 a 36.0 a 30 c 120 b 6.3 a
V 17.5 a 49.5 a 23 b 120 b 6.3 a 16.5 a 34.4 a 31 c 120 b 6.7 a
L 10.6 c 35.9 b 31 a 108 c 6.1 a 9.6 b 20.6 c 35 b 110 b 6.1 a
SSS 12.0 c 36.7 b 31 a 87 d 5.8 a 11.5 b 22.1 c 42 a 120 b 6.3 a
SSW 13.9 b 39.8 b 32 a 130 a 6.2 a 14.1 a 27.6 b 36 b 140 a 6.3 a
zOFMS = orchard floor management systems; M = mechanical cultivation; V = vinegar treatment; L =
living mulch; SSS = sandwich system during the season; SSW = sandwich system during whole year.
yValues followed by the same letter are not statistically different at P # 0.05 according to Tukey’s test.
Because no significant differences between OFMS were found, data for phosphorus and magnesium not
shown.
Mg = magnesium; DW = dry weight; K = potassium; Ca = calcium.

Fig. 3. Effects of different orchard floor management systems (OFMS) on soil respiration rates measured
weekly during July 2009 and 2010 (n = 20). L = living mulch; SSW = sandwich system during whole
year; SSS = sandwich system during the season; M = mechanical cultivation; V = vinegar treatment.
Bars represent confidence interval between OFMS at P # 0.05 according to Tukey’s test.
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improving soil quality, and high yield of
quality fruit. This integration was investi-
gated in the present by replacing intensive
mechanical weed control with four different
OFMS: acetic acid, L, and two sandwich
systems.

As expected, M led to effective weed
control during the three seasons without
negative effects on either tree growth or fruit
yield, as reported previously by Hogue and
Neilsen (1987). However, the M treatment
resulted in small fruits, perhaps as a result of
high fruit set. Large canopy size in M plots
decreased light intensity and fruit calcium
content, resulting in poor storage potential.
Hoagland et al. (2008) reported that tillage
had negative impacts on soil quality and our
results showed that tillage decreased soil
respiration, perhaps as a result of mechanical
effects on soil structure.

Acetic acid (V) applied at a rate of 3060
L·ha–1 showed very good weed suppression
in comparison with tillage, although a rela-
tively low concentration (12%) was used. In
a previous study, a concentration of no less
than 20% was recommended as the minimum
active level (Barker and Prostak, 2009). Early
application of the acid on non-rainy days
might result in good absorption by the weed
leaves, resulting in cell membrane dissolu-
tion and plant death. In an earlier study, we
found that the activity of acetic acid against
weeds depends more on dose (L·ha–1) than
on concentration of the spraying solution
(Hansson, 1994). Acetic acid application
did not improve tree growth, apple yield,
yield efficiency, or fruit quality in compari-
son with mechanical weed control, perhaps
because these two systems had similar effects
on tree nutrition and light intensity. It has
been reported previously that acetic acid as
a non-selective contact herbicide does not
cause any tree damage or decreased soil pH
(Delate et al., 2005). Other studies suggest
that application of acetic acid must be re-
peated three times to control perennial spe-
cies (Young, 2004) and cannot completely
replace tillage (Markhart et al., 2005). By
spraying tree strips with acetic acid and
cultivating the soil outside the strips, weeds
near the trunk could be removed without any
damage to the trunk, whereas the tillage
could be performed faster using simpler
equipment.

Competitive interactions between apple
trees and vegetative cover in the tree rows are
one of the main factors influencing tree
growth and yield. Applying a sandwich sys-
tem during the growing season (SSS treat-
ment) showed improved but not sufficient
weed suppression compared with M. Clear
competition between tree and surface vege-
tation in both L and SSS plots was noted,
impairing tree nutrition. Similar results have
been reported by Stefanelli et al. (2009). The
two systems reduced apple yield, yield effi-
ciency, and TCSA not only during orchard
establishment as was reported previously
(Atucha et al., 2011), but also in mature
orchards. Neilsen and Neilsen (2003) con-
cluded that the N requirement for an apple

Table 4. Light intensity and fruit coloration resulting from application of different orchard floor
management systems (OFMS) in an organic apple orchard.

OFMSz

Light intensity (%)

Fruit color indexy2009 2010

July August July August 2009 2010

M 51.8 bx 45.0 c 52.0 b 45.8 c 11.1 c 7.2 d
V 46.0 c 44.5 c 42.6 c 48.4 c 10.3 c 13.5 c
L 48.5 bc 55.5 b 55.9 a 53.8 b 19.2 a 17.4 a
SSS 55.7 a 53.6 b 54.8 a 54.0 b 16.2 b 15.4 b
SSW 55.5 a 58.2 a 57.0 a 59.7 a 11.6 c 19.3 a
zOFMS = orchard floor management systems; M = mechanical cultivation; V = vinegar treatment; L =
living mulch; SSS = sandwich system during the season; SSW = sandwich system during whole year.
yColor index = (1000 · a*)/(L* · b*)–1. Light intensity was measured by dividing the photosynthetically
photon flux (PPF) within the canopy at the four positions by the simultaneously recorded open sky PPF,
subtracting the value obtained from 1 and expressing the result as a percentage.
xValues followed by the same letter are not statistically different at P # 0.05 according to Tukey’s test.

Table 5. Tree leaf mineral content during the season as a result of application of different orchard floor
management systems (OFMS) in an organic apple orchard.z

Season OFMSy

Chlorophyll Nitrogen K Ca

June September June September June September June September

2009 M 37.2 abx 55.5 a 2.4 ab 3.0 a 2.0 a 2.1 a 0.9 a 0.8 d
V 38.9 a 58.1 a 2.7 a 3.1 a 1.9 a 2.0 a 0.9 a 0.9 cd
L 35.5 ab 40.3 d 1.9 cd 2.3 b 1.4 b 2.0 a 0.9 a 1.0 bc
SSS 34.0 b 44.9 c 1.7 d 2.3 b 1.6 b 1.9 a 1.0 a 1.1 b
SSW 38.3 a 50.1 b 2.2 bc 2.4 b 1.5 b 1.9 a 1.0 a 1.3 a

2010 M 46.0 a 58.8 a 2.6 a 3.0 a 2.3 a 1.9 b 0.8 b 1.2 d
V 44.4 ab 58.4 a 2.0 b 3.4 a 2.5 a 2.2 a 0.7 b 1.3 cd
L 44.8 a 48.4 c 1.7 b 2.1 bc 2.0 b 1.8 b 1.5 a 1.8 a
SSS 45.6 a 45.6 c 1.6 b 2.3 b 1.6 c 1.8 b 1.2 a 1.5 bc
SSW 40.8 b 51.5 b 1.7 b 1.7 c 2.0 b 2.1 a 1.2 a 1.5 bc

zChlorophyll (SPAD) and minerals as % of dry weight.
yOFMS = orchard floor management systems; M = mechanical cultivation; V = vinegar treatment; L =
living mulch; SSS = sandwich system during the season; SSW = sandwich system during whole year.
xValues followed by the same letter are not statistically different at P # 0.05 according to Tukey’s test.
Because no significant differences between OFMSs were found, data for phosphorus and magnesium not
shown.
K = potassium; Ca = calcium.

Fig. 4. Relationships between orchard floor management systems (OFMS) and fruit maturity as ethylene
production, measured weekly during Aug. to Sept. 2010 as an example (n = 80). L = living mulch;
SSW = sandwich system during whole year; SSS = sandwich system during the season; M =
mechanical cultivation; V = vinegar treatment. Bars represent confidence interval between OFMS at
P # 0.05 according to Tukey’s test.
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orchard ranges between 20 and 35 kg·ha–1. In
the present study, the soil N content in 2009
exceeded this level, irrespective of OFMS
treatment, and a weak correlation was found
between soil N content and yield (Pearson:
r = 0.43). Although L and SSS did not
decrease soil N content below the minimum
suggested level in the 2010 season, they
caused lower yield and tree growth. A strong
correlation between soil N and yield was
observed (Pearson: r = 0.92). Increasing the
N supply by 10% was not enough to over-
come the competition in SSS plots, perhaps
because this level was still low because grass
is a stronger competitor for N and recycles
more N than apple trees (Yao et al., 2005). In
addition, low leaf N content in the L and SSS
plots could not be modified by returning
cover crop clippings to the tree row. Similar
results were obtained by Sanchez et al.
(2007). However, increasing the N supply
and distribution of cover crop clippings to the
tree position may decrease this negative
effect. On the other hand, the L and SSS
treatments improved soil respiration and light
intensity (possibly as a result of weak tree
vigor) and increased leaf and fruit Ca content
and Ca:K ratio, resulting in good fruit quality
and storability (Blanke, 2008).

The sandwich system during the whole
year (SSW) resulted in lower weed cover
compared with L and SSS, but not V and M. It
could be a good compromise with improved
soil quality and tree growth, because it in-
creased soil respiration and leaf and fruit
calcium content with a moderate N reduction.
Trees grown with various groundcover man-
agement systems generally have deeper roots
and lower root density compared with trees
grown in bare soil (Yao et al., 2005). The SSW
treatment presumably had multiple effects on
the tree root system. It decreased root density
and avoided root damage resulting from till-
age, resulting in an acceptable tree size,
whereas light intensity and fruit growth and
quality were improved without negative ef-
fects on yield. Fruit also showed lower fungal
decay, less softening, lower acidity deteriora-
tion, and less color decline, resulting in good
storability. These results confirm previous
claims that elimination of surface vegetation
year-round may be unnecessary because of its
impacts on soil conditions (Oliveira and
Merwin, 2001). It may also damage the new
roots, especially after harvesting.

A weed-free period during June to August
provided the best tree growth and the highest
apple yield. The effect of this weed-free

period was more important than a late sum-
mer weed-free period. These results are
compatible with previous findings that tree
performance depends on weed-free time
more than weed-free area (Merwin and Ray,
1997). Suppressing surface vegetation during
the entire growing season improves tree pro-
ductivity (Tesic et al., 2007). Weed elimina-
tion between harvest and leaf fall had no clear
effect on tree growth and yield in this study,
as also found by Roper et al. (1988).

Tree row management had a strong im-
pact on the development of weed communi-
ties in the present study. Plots of different
OFMS contained various weed species,
whereas L, SSS, and SSW had more species.
Voles (Microtus sp.) were not observed to be
a problem in this work.

Some more studies are needed before the
SSW strategy can be fully recommended as
an alternative to mechanical weed control in
organic orchards. Such studies should exam-
ine, e.g., establishment of non-competitive
species of L, the relationship with pest pro-
tection, rootstock vigor, and carbon:nitrogen
ratio in the soil under the SSW system.

Conclusions

A comparison of various orchard floor
management strategies (acetic acid, L, and
two sandwich systems) and a standard me-
chanical cultivation technique showed that
a sandwich system during the whole year
(SSW) eliminated vegetative cover competi-
tion, increased soil respiration, improved leaf
and fruit Ca content and resulted in moderate
leaf and fruit N content and tree growth
reduction. Apples from SSW trees had good
quality and high storability. Having a sand-
wich system during the summer (SSS) also
decreased weeds, increased soil respiration,
and improved fruit quality, but it decreased
apple yield and required additional N. The
SSW strategy can be a useful alternative to
mechanical cultivation if weak vegetation is
established in narrow strips under the tree
rows and N in the soil is continually adjusted
during the season. Control of weed cover
from late May to mid-July in all OFMS tested
had a higher influence on apple yield and fruit
quality than weed control in late summer and
early fall.
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