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ABSTRACT Fertilization reduction could be a useful pest management tactic for ßoriculture crops
if it reduced pest populations with little loss in crop yield and quality. We evaluated the response of
the twospotted spider mite, Tetranychus urticaeKoch (Acari: Tetranychidae), to different fertilization
levels for cut roses, Rosa hybrida L. ÔTropicanaÕ and quantiÞed fertilization effects on 1) management
of T. urticae on roses, 2) abundance and distribution of T. urticae on roses, and 3) yield and quality
of the cut rose crop. We tested two fertilization levels, 10% (15 ppm N) and 100% (150 ppm N) of
the recommended level for commercial production, and three control methods: no control measure;
a predatory mite, Phytoseiulus persimilis Athias-Henriot; and a miticide, bifenazate. Combinations of
both bottom up (fertilization) and top down (biological or chemical control) tactics provided a greater
degree of T. urticae control than either tactic alone. Rose productivity was reduced with fertilization
at 10% of the recommended level; therefore, we conducted studies with T. urticae on roses fertilized
with 33% (50 ppm N), 50% (75 ppm N), and 100% (150 ppm N) of the recommended level. Mean
numbers of T. urticae and T. urticae eggs per ßower shoot were twice as high on roses fertilized with
100 versus 33% or 50% of the recommended level. Number of rose leaves and total leaf area infested
by T. urticae were similar at all fertilization levels. Cut rose yield and marketability were not
compromised on plants fertilized with 50% of the recommended level.

KEYWORDS Rosa hybrida, ßoriculture, Tetranychus urticae, integrated pest management, biolog-
ical control

Ornamental plants of the genus Rosa are produced
worldwide and include some of the most popular ßo-
riculture crops. In 2006, the wholesale value of ßorist
roses produced, imported, and sold in the United
States was $383,574,000 (Jerardo 2007). The twospot-
ted spider mite, Tetranychus urticaeKoch (Acari: Tet-
ranychidae), is highly polyphagous and a serious pest
of roses and many other ßoricultural crops (van de
Vrie et al. 1972, Jeppson et al. 1975). In managing this
pest, chemical control has been the preferred tactic
for use on greenhouse and Þeld-grown roses. Intensive
miticide use for spider mites is often necessary to meet
esthetic standards within the ßoriculture marketplace;
however, the widespread use of miticides has made
control of T. urticae more difÞcult because it has de-
veloped resistance to many products favored by com-
mercial growers (Van Leeuwen et al. 2005, 2006; Kim
et al. 2006; Pottelberge et al. 2009).

As an alternative to chemical control, predatory
mites of the family Phytoseiidae, particularly Phyto-
seiulus persimilis Athias-Henriot, are commercially
available for biological control of spider mites (re-
viewed by Tanigoshi et al. 2004, Gerson and Wein-

traub 2007). Although augmentative releases of P. per-
similis have been shown to control T. urticae on cut
roses (Gough 1991, Bolkan et al. 2001, Casey et al.,
2007) and other greenhouse-grown ornamentals
(Hamlen and Lindquist 1981; Beck et al. 1993; Opit et
al. 2004, 2005; Holt et al. 2007), widespread imple-
mentation of this biological tactic is hampered by
difÞculties experienced by end users in establishing an
effective ratio of predators to prey (Opit et al. 2004)
and by the ability of the pest mite to disperse at a rate
greater than that of the phytoseiid predator (Casey
and Parrella 2004). Attempts to integrate chemical and
biological control for T. urticae in greenhouse crops
have been hindered by the substantial toxicity of many
miticides to P. persimilis (Cote et al. 2002, Cloyd et al.
2006). Cultural practices that reduce the population
growth of T. urticae and complement and/or enhance
current pest management strategies have yet to be
thoroughly examined.

Overfertilization of ßoriculture crops is likely
among commercial growers that view fertilizers as a
cheap and convenient input that maximizes economic
returns. However, overfertilization of ßoriculture
crops can contribute to higher pest control costs be-
cause plant-feeding insects and mites often respond
positively to high nutrient levels (Dixon 1970, van de
Vrie et al. 1972, Mattson 1980, Wermelinger et al.
1985). Reduction of fertilization could be a useful pest
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management tactic if altered fertilization regimes can
reduce pest populations with little loss in crop yield
and productivity. The effects of fertilization on im-
portant ßoriculture pests such as cotton aphid, Aphis
gossypii Glover; western ßower thrips, Frankliniella
occidentalis(Pergende); andT. urticaehave been eval-
uated on chrysanthemum (Schuch et al. 1998; Chau et
al. 2004, 2005a, 2005b; Chau and Heinz 2006a, 2006b),
impatiens (Chen 2003, Chen et al. 2004), ivy geranium
(Chen 2003, Opit et al. 2005, Chen et al. 2007),
Mandevilla sp. (Chow et al. 2008a), and roses (Chow
et al. 2008b) with results ranging from no effect to
signiÞcant changes in pest population levels.

To our knowledge, at least two studies have dem-
onstrated that reduced fertilization can lower pest
densitiesorenhancepest controlonaßoriculturecrop
without compromising crop quality or yield. Chau and
Heinz (2006b) showed that fertilization at 50% of the
recommended level (375 ppm N) for commercial
greenhouse production of potted chrysanthemum re-
duced both the mean rate of change in F. occidentalis
abundance from 0.05 to 0.03 (d�1) and mean number
of thrips per plant by 44%. Lowering fertilization to
50% of the recommended level for potted chrysan-
themum did not affect plant height, ßower size, or
ßower number. Chow et al. (2008b) found that fer-
tilization at 33% of the recommended level (150 ppm
N) for cut roses enhanced biological control of F.
occidentalis with the predatory mite Amblyseius swir-
skii (Anthias-Henriot). Rose plants protected by aug-
mentative releases ofA. swirskii and fertilized with the
recommended level had similar numbers of harvest-
able ßower shoots but twice as many thrips, on aver-
age, as plants protected by predatory mites and fer-
tilized with 33% of the recommended level. Both
studies conÞrm that fertilization regimes for certain
ßoriculture crops can be adjusted to lower pest num-
bers without apparent detrimental effects on plant
growth. Lower pest numbers on crops can result in
fewer pesticide applications, reduced risks of selection
for pesticide resistance, and improved efÞcacy of pest
managementalternatives suchasbiological control.As
a pest management tactic, manipulation of plant fer-
tilization is attractive because it is relatively simple to
integrate into commercial production and compatible
with other integrated pest management (IPM) prac-
tices.

Reduction of fertilization could be a useful man-
agement tactic for T. urticae on ßoriculture crops if
altered fertilization regimes can reduce spider mite
populations with little loss in crop yield and produc-
tivity. This approach should reduce chemical or bio-
logical control inputs needed to meet esthetic thresh-
olds demanded by consumers because T. urticae and
other Tetranychus spp. tend to respond positively to
higher levels of fertilization. Most studies on edible
crops report that fecundity of T. urticae and Tetrany-
chus pacificus (McGregor) increases with greater ni-
trogen fertilization (van de Vrie et al. 1972, Suski and
Badowska 1975, Wermelinger et al. 1985, Wilson et al.
1988). Wilson (1994) showed that reproduction of T.
urticae is positively correlated with nitrogen levels in

cotton. Sex ratio (proportion of female progeny) and
respiration rate of T. urticae also increase with greater
leaf nitrogen content (Wermelinger 1989, Wer-
melinger and Delucchi 1990). Rodriguez (1951) found
that spider mites beneÞt from phosphorous within a
limited concentration range within plant tissue. How-
ever, Chen et al. (2007) reported no difference in T.
urticae numbers on ivy geranium treated with differ-
ent nitrogen and phosphorous concentrations in fer-
tilization regimes that produced saleable plants.

Here, we present a study on the feasibility of ma-
nipulating fertilization to reduceT.urticaepopulations
on cut roses. Our three objectives were to evaluate
fertilization effects on 1) biological or chemical con-
trol of T. urticae on roses cultivated for cut ßowers, 2)
abundance and distribution of T. urticae on roses, and
3) yield and quality of the cut ßower crop. First, we
evaluated the extent to which lowering fertilization
affects biological or chemical control of spider mites
by comparing population levels of T. urticae on plants
treated with different control methods and fertiliza-
tion levels. Second,weaskedwhetherpopulation level
or distribution of T. urticae varies with plant quality.
We treated rose plants with different levels of fertil-
ization to manipulate plant quality and then measured
both spider mite abundance and distribution among
rose shoots. Finally, we determined whether produc-
tivity of rose plants (number of ßowering shoots pro-
duced) and quality of ßower shoots varies within the
range of fertilization levels useful for spider mite man-
agement. To evaluate ßower shoot quality, we mea-
sured the length of harvested shoots, number of leaves
and total leaf area of harvested shoots, number of
petals per ßower, and both macro- and micronutrients
levels within plant tissues.

Materials and Methods

Roses were grown as a cut-ßower crop following
conventional practices (Langhans 1987) in research
glasshouses located on the Texas A&M University,
College Station campus. Individual bare-root plants
(R. hybrida L. ÔTropicanaÕ on ÔDr. HueyÕ rootstock,
grade #1) were grown in 14-liter plastic nursery con-
tainers (Poly-tainer, Nursery Supplies Inc., Orange,
CA) with soilless potting mix (Sunshine Mix no.1; Sun
Gro Horticulture Canada Ltd., Bellevue, WA), pine
bark mulch, and sand (3:1:1, by volume). The plants
were placed three abreast and spaced 40-cm apart on
raised greenhouse benches. All plants were cultivated
for at least 2 mo before they were used for experi-
ments.

Colonies of T. urticae were established from indi-
viduals collected from Dendranthema grandiflora Tz-
velev ÔCharmÕ chrysanthemums that were grown with-
out the use of pesticides in one of our research
glasshouses. Our spider mite colonies were reared in
the laboratory for at least 1 yr before their use in
experiments. We adapted the protocol described by
Arthurs and Heinz (2002) to rear colonies of T. urticae
on kidney bean, Phaseolus vulgaris L., under ßuores-
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cent lighting (photoperiod of 14:10 [L:D] h) at 26�C
and 65% RH.

A water-soluble, complete, and commercially avail-
able fertilizer (Peters Excel 15Ð5-15 Cal-Mag, The
Scotts Company, Marysville, OH) was used to maxi-
mize the applicability of our results for commercial
management practices. The recommended fertilizer
rate for constant liquid feeding of roses with nitrogen
ranges from 150 to 200 ppm N (Dole and Wilkins
2005). We used 150 ppm N as the recommended level
(100%) for our studies. The amount of phosphorous,
potassium, calcium, and magnesium in this 150 ppm N
fertilizer solution is 22.1, 124.5, 49.5, and 19.5 ppm,
respectively. With this fertilizer, �78% of the N is
provided in nitrate form. To maintain the same ratio of
macro- and micronutrients for all our fertilizer re-
gimes, we varied only the strength of the fertilizer to
the levels speciÞed in our experiments. Reverse-
osmosis-Þltered tap water (RO water) was used to
make all the fertilizer solutions. For standard cultiva-
tion or experimental fertilization regimes, each plant
was fertilized twice a week with 1.5 liters of fertilizer
solution. To reduce salt accumulation in the potting
medium, each pot also was leached with 2 liters of RO
water once a week �2 d after the second application
of fertilizer.

All fertilization studies were conducted in research
glasshouses and daily temperatures inside the glass-
houses were monitored with HOBO data loggers (H8
Pro Series, Onset Computer Corporation, Bourne,
MA). For miticide treatments in our experiments, we
used RO water to make all the miticide solutions. A
backpack sprayer (Jet Pack model 475, Solo, Newport
News, VA) was used to apply the solution to each plant
assigned the miticide until runoff was visible on all the
foliage.
Effect of Fertilization on Biological Control and
Chemical Control of Spider Mites. In an experiment
completed during OctoberÐDecember 2006, we eval-
uated the effects of two fertilization levels on biolog-
ical control and chemical control of T. urticae: 15
(10%) and 150 (100%) ppm N. The experimental de-
sign was a 2-by-3 factorial using the two fertilization
levels and three methods of spider mite control: 1) no
control measure, 2) P. persimilis releases, and 3) mi-
ticide application. For this study, we used 36 rose
plants and assigned six plants to each of six greenhouse
benches and used a randomized design with one rep-
licate per treatment factorial (fertilization level by
control method) per bench, totaling six replicates for
each treatment factorial. On each bench, we spaced
the plants 100 cm apart and arranged them in a 3-by-2
grid.

Before the start of the two fertilization regimes, we
leached each potted plant every 48-h with 2 liters of
RO water over 6 d. Six weeks after the fertilization
treatments started, we pruned all the plants following
conventional practices (Langhans 1987, Durkin 1992)
to produce synchronized ßushes of growth and ßow-
ering. At week 3 of the crop (3 wk after pruning), we
infested each plant with six adult females of T. urticae
(10Ð11 d old) taken from synchronous cohorts. Each

of the six spider mites was released on a mature leaf
near the top of six different rose shoots. To prevent T.
urticae from moving to other plants, we placed each
potted plant within a plastic saucer (41 cm in diameter
by 5 cm in height) Þlled with RO water and at no time
did foliage touch between nearby plants. Each potted
plant was positioned on top of four inverted square
pots that raised the bottom of the pot �2.5 cm above
the water level of the saucer.

At weeks 5 and 7 (2 and 4 wk after T. urticae infes-
tation), we obtained P. persimilis from a commercial
insectary, Koppert Biological Systems Inc. (Romulus,
MI), and releasedP. persimilis,within 24 h of shipment
arrival, onto each plant assigned predatory mites.
Based on recommendations by Koppert Biological
Systems, we released 36 adult predatory mites per
plant at weeks 5 and 7. At week 6 (3 wk after T. urticae
infestation), we sprayed each plant assigned the mi-
ticide treatment with bifenazate (Floramite, Uniroyal
Chemical, Middlebury, CT) at the recommended rate
(0.3 g/liter).

All ßower shoots with fully open ßowers were har-
vested during weeks 9 and 10 (6 and 7 wk after T.
urticae infestation). We deÞned a ßower as being fully
open after all the petals of the ßower bud had un-
furled. At the beginning of week 9, we visually in-
spected each plant and counted both the total number
of leaves in the canopy and the number of leaves
infested by T. urticae. A leaf was considered infested
if we found any T. urticae adults, nymphs, or eggs on
it. We then randomly removed 10% of the infested
leaves and used a dissecting microscope to count the
total numbers of all T. urticae stages and P. persimilis
stages found on these leaves. We used two-way anal-
ysis of variance (ANOVA), with fertilization level and
control method as main effects, to compare ßower size
(total petals), stem length of harvested ßower shoots,
counts of leaves, counts ofT. urticae stages, and counts
of harvested ßower shoots. DunnettÕs pairwise multi-
ple comparison t-test (PMC) in GLM Univariate
(SPSS Inc. 2006a) was used to compare each treat-
ment factorial against the control (plants with uncon-
trolled T. urticae infestations and fertilized with the
recommended level). We used ANOVA, with fertili-
zation level as the main effect, to compare counts of
P. persimilis stages. All counts were checked with
GLM Univariate for normality by the ShapiroÐWilkÕs
test and homogeneity of variance by the Levene test
(SPSS Inc. 2006a). For ANOVA, we transformed
counts to their square root values if assumptions of
normality and homogeneity were not met.
Effect of Fertilization on Spider Mite Abundance
and Distribution. Our objective was to compare spi-
der mite abundance and distribution on roses with
similar ßower productivity, but treated with different
levels of fertilization. In a previous study, Chau and
Heinz (2006b) found that both cut rose yield and
postharvest quality of ßower shoots were similar
among plants treated with fertilization levels ranging
from 50 to 150% of the recommended level (150 ppm
N). However, we determined from the Þrst experi-
ment of this study that fertilization with 10% of the
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recommended level reduced ßower productivity
among plants infested with spider mites. Thus, in a
second experiment completed during March to May of
2007, we compared population levels and distribution
of T. urticae on plants grown at three fertilization
levels: 50 (33%), 75 (50%), and 150 (100%) ppm N.
Seventy-two rose plants were used and we assigned six
plants to each of 12 greenhouse benches and used a
randomized design with two replicates per fertiliza-
tion treatmentoneachbench.Theplantswere spaced,
arranged, cultivated, and isolated with water barriers
as in the Þrst experiment. Six weeks after the fertili-
zation treatments started, we pruned all the plants as
described previously to prepare them as a synchro-
nous cut-ßower crop.

At week 4 of the crop (4 wk after pruning), we
started T. urticae infestations on one of the two plants
assigned to each of the three fertilization treatments
on each bench (infested plants;n� 12 per fertilization
treatment). For each plant selected for infestation, we
choose four shoots that each had a terminal ßower bud
and were not in physical contact with other stems. An
adult femaleT. urticae (10Ð11 d old) was placed on the
fourth mature (Þve-leaßet) leaf from the bottom of
each shoot.Eachof the four infested shootswas tagged
with a number from one to four. Every 7 d, at weeks
5Ð8, we randomly selected a number from one to four
and harvested the shoots tagged with the selected
number on all infested plants. The entire ßower shoot
was harvested, but we separated the ßower from the
vegetative stem and sealed the two shoot parts in
separate containers. At the end of week 8, we har-
vested all the untagged shoots left on infested plants
belonging to eight of the 12 benches.

We recorded the total leaves, infested leaves, total
leaf area, infested leaf area, ßower size (total petals),
and stem length for each tagged ßower shoot. Each
leaf was inspected for the presence of T. urticae under
a dissecting microscope. A leaf was considered in-
fested if we found any T. urticae stages on it, and we
recorded the numbers of adults, nymphs, and eggs of
T. urticae on all infested foliage from each shoot. Leaf
area was measured with a CI-203 Laser Area Meter
(CID Inc., Camas, WA). We analyzed the effects of
fertilization level (between-plant factor) and sam-
pling date (within-plant factor) for weekly measure-
ments of leaf area, weekly counts of leaves, weekly
counts of T. urticae, and weekly counts of T. urticae
eggs on tagged shoots using one-way repeated mea-
sures ANOVA in GLM repeated measures (SPSS Inc.
2006b). When required, the GreenhouseÐGeisser ad-
justment was used to correct for sphericity in repeated
measures tests (Hand and Crowder 1996). We used
ANOVA, with fertilization level as the main effect and
bench as a blocking factor, to compare infested leaf
area and counts of infested leaves, T. urticae, and T.
urticae eggs on untagged shoots. The Bonferroni mul-
tiple comparison test was used to determine signiÞ-
cant differences between pairs of mean values follow-
ing parametric tests (Sokal and Rohlf 2000).

Effect of Fertilization on Rose Yield and Flower
Shoot Quality. To separate the effects of fertilization
level and T. urticae feeding on rose yield and quality,
we used the 36 rose plants (12 per fertilization level)
from the second experiment that were not infested
withT.urticae.These “clean” plants were cultivated on
the same benches and harvested at the same time as
the infested plants of the second experiment. To pre-
vent infestation of the clean plants by T. urticae, we
applied a miticide. At week 5 (1 wk after T. urticae
infestation), we sprayed each clean plant with a mi-
ticide, Acequinocyl (Shuttle 15 SC, Arvesta, San Fran-
cisco, CA) at the recommended rate (0.50 ml/liter).
The clean plants were visually monitored forT. urticae
until ßower harvest to ensure that no additional mi-
ticide was needed.

During weeks 6Ð8, we harvested ßower shoots from
the clean plants after all the petals of the ßowers had
unfurled and recorded the total leaves, ßower size
(total petals), total leaf area, and stem length for each
harvested shoot. At the end of week 8, we also re-
corded the total numbers of shoots with ßowers or
ßower buds (ßower shoots) and shoots without ßow-
ers or ßower buds (blind shoots) produced by each
clean plant during the duration of the experiment. To
test for effects of fertilization level on rose yield and
quality, we used ANOVA, with fertilization level as the
main effect and bench as a blocking factor to compare
the length of harvested ßower shoots and counts of
ßower shoots, blind shoots, leaves per harvested
ßower shoot, and petals per ßower.

To determine the effects of different fertilization
levels on plant nutrient content, we analyzed the lev-
els of macro- and microelements in leaf tissue from
clean plants. Six clean plants were randomly selected
from each fertilization treatment group. We collected
the 5-leaßet leaf closest to the ßower of each of the
Þrst Þve ßower shoots harvested from each selected
plant. Nitrogen levels in the leaves were analyzed by
the Soil, Water, and Forage Testing Laboratory (Texas
A&M University, College Station, TX) using Micro-
Dumas combustion analysis. Levels of other macro-
and microelements in the leaf tissues were determined
bythesamelaboratoryusingwet-aciddigestionfollowed
by analyses with an inductively coupled, plasma-atomic-
emission spectrophotometer. Macro- and micronutrient
content of plant tissues were analyzed by ANOVA with
fertilization level as the main factor.

Results

Effect of Fertilization on Biological Control and
ChemicalControl of SpiderMites.Daily temperatures
inside the greenhouse ranged from 17 to 29�C during
October, gradually decreased to 13Ð26�C by Decem-
ber, and were within published ranges for survivability
and activity of bothT. urticae and P. persimilis on roses
(Sabelis 1981). Rose plants fertilized with the recom-
mended level (150 ppm N) produced, on average, 46%
more leaves (mean � SE, 154.4 � 9.1; n � 18) than
plants fertilized with 10% of the recommended level
(15 ppm N) (mean � SE, 105.6 � 7.6; n � 18) (two-
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way ANOVA: F� 15.96; df � 1, 30; P� 0.001). How-
ever, the number of leaves infested by T. urticae did
not differ statistically with either fertilization level
(two-way ANOVA: F � 0.32; df � 1, 30; P � 0.58) or
control method (two-way ANOVA: F � 1.93; df � 2,
30; P� 0.47) and was, on average, 69.6 � 7.4 per plant
(mean � SE; n� 36). Numbers ofT. urticaemotiles on
sampled leaves were signiÞcantly affected by fertili-
zation level (two-wayANOVA:F�5.75;df�1, 30;P�
0.02), but not control method (two-way ANOVA: F�
2.21; df � 1, 30; P� 0.13), and there was no signiÞcant
interaction between fertilization level and control
method (two-way ANOVA: F � 0.22; df � 2, 30; P �
0.80). Plants fertilized with 10% of the recommended
level had, on average, 57% fewer T. urticae (mean �
SE, 76.3 � 17.4, n� 18) on sampled leaves than plants
fertilized with the recommended level (mean � SE,
177.7 � 39.1; n � 18).

In comparison, numbers of T. urticae eggs were
affected by both fertilization level (two-way ANOVA:
F � 10.75; df � 1, 30; P � 0.01) and control method
(two-way ANOVA: F� 3.54; df � 2, 30; P� 0.04), but
there was no signiÞcant interaction between fertili-
zation level and control method (two-way ANOVA:
F� 0.53; df � 2, 30; P� 0.60). The additive effects of
reduced fertilization and biological or chemical con-
trol resulted in lower counts for spider mite eggs.
Plants fertilized with 10% of the recommended level
and treated with predatory mites (DunnettÕs PMC:
n � 6; mean difference � �20.58, P � 0.004) or
bifenazate (DunnettÕs PMC: n� 6; mean difference �
�19.99, P � 0.005) had signiÞcantly fewer T. urticae
eggs, than plants with uncontrolled T. urticae infesta-
tions and fertilized with the recommended level (Fig.
1). Numbers of predatory mites (mean � SE, 9.9 � 2.4
mites; n� 6) (one-way ANOVA: F� 1.81; df � 1, 10;
P � 0.219) and predatory mite eggs (mean � SE,
16.4 � 2.6 eggs; n � 6) (one-way ANOVA: F � 2.91;

df � 1, 10; P � 0.12) were not statistically different
among plants fertilized with 100 or 10% of the rec-
ommended level.

Crop yield and quality were affected more by fer-
tilization level than control method. The number of
ßower shoots was not statistically different among
plants treated with different control methods (two-
way ANOVA: F � 2.1; df � 1, 30; P � 0.15), but we
harvested, on average, 2.5 times as many ßowering
shoots from plants fertilized with the recommended
level (mean � SE, 3.2 � 0.4 ßowers per plant; n� 18)
than from plants fertilized with 10% of the recom-
mended level (mean � SEM, 1.3 � 0.3 ßowers per
plant; n� 18) (two-way ANOVA: F� 14.1; df � 1, 30;
P� 0.001). Control method did not affect ßower size
(total petals) (two-way ANOVA: F � 6.0; df � 1, 73;
P� 0.02), but plants fertilized with the recommended
level produced ßowers with, on average, 11% more
petals (mean � SE: 41.7 � 1.1 petals; n � 56) than
ßowers from plants fertilized with 10% of the recom-
mended level (mean � SE: 37.7 � 1.4 petals; n � 22)
(two-way ANOVA: F� 6.0; df � 1, 73; P� 0.02). The
length of harvested ßower shoots (mean � SE, 31.6 �
0.9 cm; n� 79) was not signiÞcantly affected by either
fertilization level (two-way ANOVA: F� 0.60; df � 1,
73: P � 0.44) or control method (two-way ANOVA:
F � 0.79; df � 2, 72; P � 0.46). Similarly, the number
of leaves on harvested shoots (mean � SE, 8.6 � 0.3
leaves, n� 79) was not signiÞcantly affected by either
fertilization level (two-way ANOVA: F� 0.11; df � 1,
73; P � 0.74) or control method (two-way ANOVA:
F � 0.81; df � 2, 73; P � 0.92).
Effect of Fertilization on Spider Mite Abundance
and Distribution. Daily temperatures inside the
greenhouse ranged from 16 to 28�C during March,
gradually increased to 19Ð34�C by May, and were
within published ranges for survivability and activity
of T. urticae on roses (Sabelis 1981). Increasing fer-
tilization level had a positive affect on the growth of
T. urticae populations. Both the numbers of T. urticae
motiles (one-way repeated measures ANOVA: F �
73.76; df � 3, 99; GreenhouseÐGeisser adjusted P �
0.001) andT.urticaeeggs (one-way repeated measures
ANOVA: F � 99.22; df � 3, 99; GreenhouseÐGeisser
adjusted P� 0.001) increased rapidly during the 4 wk
after infestation but were signiÞcantly higher on
plants fertilized with the recommended level (150
ppm N) than with 33% (50 ppm N) or 50% (75 ppm
N) of the recommended level (Figs. 2 and 3). We
found a signiÞcant interaction between fertilization
level and week for spider mite counts (one-way re-
peated measures ANOVA: F� 5.97; df � 6, 99; Green-
houseÐGeisser adjusted P� 0.01) (Fig. 2), but not for
spider mite egg counts (one-way repeated measures
ANOVA: F � 2.33; df � 6, 99; GreenhouseÐGeisser
adjusted P � 0.08) (Fig. 3).

Interestingly, dispersal of spider mites on ßower
shoots that we directly infested with T. urticae did not
vary with fertilization level. On a per-shoot basis, the
number of leaves and leaf area infested by T. urticae
increased during the four weeks after infestation
(one-way repeated measures ANOVA: F� 383.1; df �

Fig. 1. Mean numbers of T. urticae eggs (�SE; n � 6)
counted on 10% of all infested leaves from plants fertilized at
10% (Low Fertilization) or 100% (High Fertilization) of the
recommended level (150 ppm N) and treated with releases
of a predatory mite ÔPhytoseiulus persimilisÕ applications of
bifenazate, or no control measure. Asterisks above bars in-
dicate signiÞcant differences (P� 0.01) from the control “C”
as determined by DunnettÕs pairwise multiple comparison
t-test. Untransformed mean values were presented here.
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3, 99; GreenhouseÐGeisser adjusted P � 0.001; F �
120.8; df � 3, 99; GreenhouseÐGeisser adjusted P �
0.001) but was statistically similar among fertilization
levels (one-way repeated measures ANOVA: F ranged
from 0.01 to 1.6; df � 2, 33; all P values were �0.05).
We recovered T. urticae from an average of 1.0 � 0.03
(mean � SE; n� 36) leaves per shoot on week 5 and

the infestation quickly spread to 15.0 � 0.49 (mean �
SE; n � 36) leaves per shoot by week 8. Correspond-
ingly, leaf area infested by T. urticae increased from
12.8 � 1.2 cm2 (mean � SE; n� 36) per shoot on week
5 to 298.4 � 22.4 cm2 (mean � SE; n� 36) per shoot
by week 8.

The total number of leaves per shoot increased with
time (one-way repeated measures ANOVA: F � 4.3;
df � 3, 99; GreenhouseÐGeisser adjusted P � 0.008)
but did not differ with fertilization level (one-way
repeated measures ANOVA: F � 1.6, df � 2, 33; P �
0.2). However, plants fertilized with the recom-
mended level produced the largest canopies (Fig. 4).
Total leaf area per inoculated ßower stem increased
with time (one-way repeated measures ANOVA: F�
12.3; df � 3, 99; GreenhouseÐGeisser adjusted P �
0.001), but there was no signiÞcant interaction be-
tween time and fertilization level (one-way repeated
measures ANOVA: F � 0.4, df � 3, 99; GreenhouseÐ
Geisser adjusted P � 0.9) (Fig. 4).

At the end of the experiment, T. urticae was recov-
ered from untagged shoots that we had not directly
infested. Dispersal of T. urticae onto these shoots did
not seem to vary with fertilization because we found
no signiÞcant effect of fertilization level on the num-
ber of leaves or leaf area infested by T. urticae (one-
way ANOVA: F ranged from 0.77 to 0.78; df � 2, 21; all
P values �0.4). Among all shoots left on each plant at
the end of the experiment, we found thatT. urticaehad
infested, on average, 16.0 � 2.9 (mean � SE; n� 24)
leaves and 292.8 � 59.2 cm2 (mean � SE; n � 24) of
leaf area per plant. We found no fertilization effects on
the total numbers of T. urticaemotiles recovered from
remaining shoots (one-way ANOVA: F� 1.84; df � 2,
21; P� 0.2; back-transformed mean: 144.2 spider mites

Fig. 2. Mean numbers of T. urticae (all motile stages)
(�SE; n� 12) on individual ßower stems previously infested
with a single female spider mite at the beginning of the fourth
week of the crop. Roses were fertilized with 33% (black
bars), 50% (light gray bars), or 100% (dark gray bars) of the
recommended level (150 ppm N). Different letters above the
bars indicate signiÞcant differences (P � 0.05) determined
by the Bonferroni multiple comparison test (one-way re-
peated measures ANOVA: F � 6.78; df � 2, 33; P � 0.01).

Fig. 3. Mean numbers of T. urticae eggs (�SE; n � 12)
on individual ßower stems infested with a single female
spider mite at the beginning of the fourth week of the crop.
Roses were fertilized with 33% (black bars), 50% (light gray
bars), or 100% (dark gray bars) of the recommended level
(150 ppm N). Different letters above the bars indicate sig-
niÞcant differences (P� 0.05) determined by the Bonferroni
multiple comparison test (one-way repeated measures
ANOVA: F � 9.53; df � 2, 33; P � 0.001).

Fig. 4. Mean leaf area (�SE; n� 12) of individual ßower
stems infested with a single female spider mite at the begin-
ning of the fourth week of the crop. Roses were fertilized
with 33% (black bars), 50% (light gray bars), or 100% (dark
gray bars) of the recommended level (150 ppm N). Different
letters above the bars indicate signiÞcant differences (P �
0.05) determined by the Bonferroni multiple comparison test
(one-way repeated measures ANOVA: F� 5.6; df � 2, 33;P�
0.008).
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per plant). However, we recovered signiÞcantly more
T. urticae eggs on remaining shoots from plants fertil-
ized with the recommended level than those from
plants fertilized with 33 or 50% of the recommended
level (Fig. 5).
Effect of Fertilization on Rose Yield and Flower
Shoot Quality. We found a signiÞcant fertilization
effect on the number of ßower shoots produced by
roses. Although the total number of shoots produced
was not signiÞcantly different among fertilization
treatments (one-way ANOVA: F� 0.5; df � 2, 33; P�
0.6), both the numbers of ßowering shoots and blind
shoots were inßuenced by fertilization level (one-way
ANOVA: F� 5.8; df � 2, 33; P� 0.01; F� 3.5; df � 2,
33; P � 0.04, respectively) (Fig. 6). Plants fertilized
with 50 or 100% of the recommended level produced,

on average, 34% more ßower shoots and 31% fewer
blind shoots than plants fertilized with 33% of the
recommended level (Fig. 6). Each plant produced, on
average, a total of 15 ßower shoots and blind shoots.

We found no fertilization effect on the total number
of leaves or the stem length of harvested ßower shoots
(one-way ANOVA: F ranged from 0.9 to 2.5; df � 2,
406; all P values �0.05). Each harvested ßower shoot
produced, on average, 11.8 � 0.1 leaves (mean � SE;
n� 409) and was, on average, 42.0 � 0.4 cm (mean �
SE; n � 409) in length. There were signiÞcant fertil-
ization effects on the number of petals per ßower (Fig.
7) and the total leaf area per ßower shoot (Fig. 8).
Plants fertilized with the recommended level pro-
duced ßowers with, on average, more petals per ßower
(44 per ßower) than plants fertilized with 50% (40 per
ßower) or 33% of the recommended level (34 per
ßower) (Fig. 7). Flower shoots from plants fertilized
with the recommended level also had, on average,
greater leaf area (447.3 cm2 per shoot) than shoots

Fig. 5. Mean numbers of T. urticae eggs (�SE; n� 8) on
all rose shoots left on plants fertilized with 33, 50, or 100% of
the recommended level (150 ppm N) at the end of the eighth
week of the crop. Different letters above bars indicate sig-
niÞcant differences (P� 0.05) determined by the Bonferroni
multiple comparison test (one-way ANOVA: F � 3.94; df �
2, 21;P� 0.035). Untransformed mean values were presented
here.

Fig. 6. Mean numbers of total shoots, blind shoots, and
ßowering shoots (�SE; n� 12) produced by roses fertilized
with 33, 50, or 100% of the recommended level (150 ppm N).
For each shoot category, different letters above bars indicate
signiÞcant differences (P � 0.05) determined by the Bon-
ferroni multiple comparison test. Untransformed mean val-
ues were presented here.

Fig. 7. Mean petal counts (�SE) for harvested ßowers
produced by roses fertilized with 33% (n� 118 ßowers), 50%
(n � 133 ßowers), or 100% (n � 158 ßowers) of the recom-
mended level (150 ppm N). Different letters above bars
indicate signiÞcant differences (P� 0.05) determined by the
Bonferroni multiple comparison test (one-way ANOVA: F�
66.3; df�2, 406;P�0.001).Untransformedmeanvalueswere
presented here.

Fig. 8. Mean leaf area (�SE) for harvested ßower stems
produced by roses fertilized with 33% (n� 118 stems), 50%
(n � 133 stems), or 100% (n � 158 stems) of the recom-
mended level (150 ppm N). Different letters above bars
indicate signiÞcant differences (P� 0.05) determined by the
Bonferroni multiple comparison test (one-way ANOVA: F�
15.4; df � 2, 406; P � 0.001).
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from plants fertilized with 50% (401.0 cm2 per shoot)
or 33% of the recommended level (352.7 cm2 per
shoot) (Fig. 8).

We found signiÞcant fertilization effects on four
macroelements (nitrogen, phosphorous, potassium,
and magnesium) and one microelement (iron) but the
other elements did not differ among the fertilization
levels (Table 1). Although nitrogen, phosphorous, and
potassium content of the leaf tissue increased at higher
fertilization levels, all values were within published
optimal ranges for cut roses (Cabrera 2003). Magne-
sium content, however, decreased at higher fertiliza-
tion levels. Optimal levels of magnesium were found
within leaf tissue of plants fertilized with the recom-
mended level; however, plants fertilized with the two
lower levels produced leaves with magnesium levels
above the optimal range. Iron content of leaf tissue
increased with higher fertilization levels but only
plants fertilized with the recommended level reached
the optimal range. We found no fertilization effects on
the ratios of nitrogen to phosphorus or nitrogen to
potassium (one-way ANOVA: F ranged from 0.1 to 2.2;
df � 2, 15; all P values �0.05). In contrast, the ratio of
nitrogen to both phosphorous and potassium in-
creased signiÞcantly with greater fertilization (one-
way ANOVA: F � 4.3, df � 2, 15; P � 0.03).

Discussion

The idea of manipulating fertilizer input to control
insect pests was Þrst proposed in the scientiÞc liter-
ature in 1950 (Haseman 1950). Later, van Emden and
Wearing (1965) suggested that manipulating fertili-
zation to slow pest development could enhance the
effectiveness of biological control agents. Manipula-
tion of fertilization for pest suppression is enticing
because it is both relatively simple and compatible
with other IPM tactics. Fertilization management
could be used not only with biological control (Casey
et al. 2007, Opit et al. 2009) but also host plant resis-
tance (de Ponti 1985, Krips et al. 1998, Krips et al.
1999) and other cultural practices (Hollingsworth and
Berry 1982, Opit et al. 2006, Nyalala and Grout 2007)
as either alternatives to or in tandem with chemical
control of T. urticae. In our study, we showed that
combining both bottom up (manipulating fertiliza-

tion) and top down (biological or chemical control)
tactics provided a greater degree of T. urticae control
than either tactic alone. In particular, we found that
reduction of fertilization combined with releases of P.
persimiliswas nearly twice as effective in reducing the
number of T. urticae eggs as predatory mites alone.
P. persimilis is a specialist predator of T. urticae that

prefers eggs over adult or larval stages of its prey
(McMurtry and Croft 1997, Croft et al. 2004) and
exhibits both high numerical responses and high ex-
ploitation of prey patches (Nachman 2006, Nachappa
et al. 2006). Vanas et al. (2006) found that P. persimilis
females disperse from patches before spider mite ex-
tinction to leave prey for progeny but leave �3 times
as many T. urticae eggs for each of their own eggs in
high-density versus low-density patches. Such a strat-
egy enables P. persimilis females to balance the trade
off between optimal foraging and reproductive suc-
cess, but may not be conducive to rapid reduction of
large T. urticae populations (Nachman 2006).

Opit et al. (2005) investigated the use ofP. persimilis
for control of T. uriticae on ivy geranium grown as
potted bedding plants and compared releases of P.
persimilis at predator to prey ratios of 1:4, 1:20, and
1:60. Using precision sampling plans, they determined
that the action threshold for preventing economic
damage was two spider mites per leaf and damage was
signiÞcantly reduced ifP. persimiliswas released at the
predator to prey ratios of 1:4 and 1:20, but not at 1:60.
Use of precision sampling plans with augmentative
releases of P. persimilis can be just as effective and
economical as prophylactic miticide treatments for
suppression of T. urticae on bedding plants (Holt et al.
2007, Opit et al. 2009). In our study, augmentative
release of P. persimilis and application of bifenazate
provided similar levels of spider mite suppression on
cut roses. Biological control of T. urticae using P. per-
similis can be a viable alternative to miticides on
woody or herbaceous ornamental crops; however, ad-
ditional research is needed to reÞne protocols for early
detection and estimation of spider mite infestations
and timely establishment of high predatory mite to
spider mite ratios.

Lowering fertilization could be a valuable tactic for
an IPM program only if it reduced pest populations
without compromising crop productivity or quality.

Table 1. Effect of fertilization on macro- and micronutrient content of leaf tissues of roses

Fertilization
levela

Macronutrientsb (mean � SEM)c (%) Micronutrientsd (mean � SEM)c (ppm)

N P K Ca Mg Zn Fe Cu Mn

33% 2.5 � 0.1a 0.3 � 0.0a 1.5 � 0.1a 1.8 � 0.0a 0.5 � 0.0a 23.5 � 1.4a 40.5 � 1.5a 4.0 � 0.0a 51.8 � 2.9a
50% 2.7 � 0.1b 0.3 � 0.0a 1.8 � 0.1ab 1.7 � 0.0a 0.4 � 0.0a 27.7 � 2.9a 48.3 � 1.5b 4.0 � 0.0a 51.3 � 3.0a

100% 3.6 � 0.1c 0.4 � 0.0b 2.0 � 0.1b 1.8 � 0.1a 0.4 � 0.0b 27.0 � 0.9a 56.3 � 2.6c 4.0 � 0.0a 45.8 � 5.3a

a Fertilization levels tested were 33, 50, or 100% of the recommended level (150 ppm N). The topmost Þve-leaßet leaf on Þve randomly
selected harvested shoots per plant were used for the analyses (n � 6).
bOptimal ranges of macronutrient content in topmost Þve-leaßet leaves of roses are: 2.5Ð4.0% for nitrogen (N), 0.2Ð0.4% for phosphorous

(P), 1.5Ð2.5% for potassium (K), 1.0Ð2.0% for calcium (Ca), and 0.2Ð0.4% for magnesium (Mg) (Cabrera 2003).
cDifferent letter(s) within the column indicate signiÞcant differences among fertilization treatments at P� 0.05 as determined by one-way

ANOVA (F ranges from 57.3 to 9.3; df � 2, 15; P � 0.01) and followed by the TukeyÕs honestly signiÞcant difference test (SPSS Inc. 2006a).
dOptimal ranges of micronutrient content in topmost Þve-leaßet leaves of roses are: 20.0Ð50.0 ppm for zinc (Zn), 50.0Ð150.0 ppm for iron

(Fe), 3.0Ð15.0 ppm for copper (Cu), and 50.0Ð200.0 ppm for manganese (Mn) (Cabrera 2003).

October 2009 CHOW ET AL.: ROSE FERTILIZATION EFFECTS ON SPIDER MITES 1903

D
ow

nloaded from
 https://academ

ic.oup.com
/jee/article/102/5/1896/2199238 by guest on 22 M

ay 2023



We found that biological control and chemical control
of spider mites on roses were substantially aided by
reducing plant fertilization to 10% of the recom-
mended level. However, rose productivity and cut-
ßower quality were also signiÞcantly compromised at
this very low fertilization level. We tested fertilization
of roses cultivated for cut ßowers at 33, 50, and 100%
of the recommended level (150 ppm N) and found
that fertilization could be lowered to 50% with no
signiÞcant effects on ßower yield. A collaborating
commercial grower (Bob Cartwright, Ran Pro Farms
Inc., Tyler, TX) compared the ßowers and canopies of
rose shoots from Tropicana rose plants cultivated with
50 or 100% of the recommended fertilization level in
our study and found both types of shoots to be equally
saleable. Cabrera (2000) showed that fertilization can
be lowered to 90 ppm N without affecting cut rose
yield, but we have demonstrated that fertilization
level can be lowered to 75 ppm N (50% of the rec-
ommended level) without appreciable loss of ßower
yield or marketability. More important, we also dem-
onstrated signiÞcant fertilization effects on the abun-
dance of T. urticae. Numbers of T. urticaemotiles and
T. urticae eggs were approximately twice as high on
plants fertilized with the recommended level than on
plants fertilized with 50% of the recommended level or
lower. We propose that severity of T. urticae infesta-
tions on commercial rose crops could be substantially
reduced by lowering fertilization level to 50% or
lower.

In our study, phosphorus content of leaf tissues
increased with higher fertilization and females of T.
urticae may lay more eggs in response to increased
phosphorus level. In an extensive nutritional study,
Rodriguez (1951) showed that populations ofTetrany-
chus bimaculatus Harvey on tomatoes respond differ-
ently to individual minerals and increased with higher
phosphorus level. Spider mites could respond posi-
tively to the phosphorus content of plant tissues be-
cause �50% of the total phosphorus content of an
adult female mite is required for daily egg production
(Rodriguez 1964). However, increasing phosphorus
level within a range of fertilizer rates that produced
saleable ivy geranium plants had either no effect (Opit
et al. 2005) or only a weak positive effect (Chen et al.
2007) on population levels of T. urticae. It is possible
that the phosphorus levels at which egg laying by T.
urticae increases or decreases will vary with plant
species (Cannon and Connell 1965, Chen et al. 2007).
Large populations of T. urticae on plants treated with
high or excessive fertilization levels also could be
attributed to high nitrogen to phosphorus and potas-
sium ratios rather than absolute levels of these nutri-
ents (Mellors and Propts 1983).

Spider mites tend to prefer the youngest, fully ex-
panded leaves that have higher nitrogen content than
older leaves (Wilson and Morton 1993, Opit et al. 2003,
Chen et al. 2007). We only measured the nutrient
content of mature (Þve-leaßet) leaves near the top of
each rose shoot, but also observed that spider mite
infestations tended to move up toward the newly
expanded leaves near the ßower rather than down

toward the older leaves. Interestingly, we found that
dispersal of T. urticae on roses did not vary with fer-
tilization level. The number of leaves and total leaf
area infested by T. urticae on individual rose shoots
increased with time, but was not signiÞcantly affected
by fertilization level. It would be interesting to deter-
mine whether there is a correlation between spider
mite density, canopy size, and leaf tissue quality on
roses. Chen et al. (2007) proposed that within-plant
distribution and dispersal of spider mites on ivy gera-
nium may be inßuenced by decline of plant tissue
quality associated with tissue age and/or the degree of
cumulative feeding damage resulting from different
mite densities. From a management perspective, be-
cause numbers of T. urticae were signiÞcantly higher
on roses fertilized with the recommended level than
the two lower levels, it is important that smaller spider
mite populations on ßower stalks may reduce esthetic
damage resulting from mite feeding.

The fertilization levels tested in our studies signif-
icantly altered the nutrient content of rose leaf tissue.
We tested the leaf tissue content of Þve macronutri-
ents (nitrogen, phosphorous, potassium, calcium, and
magnesium) and four micronutrients (zinc, iron, cop-
per, and manganese) and showed that nitrogen, phos-
phorous, potassium, magnesium, and iron differed
among the fertilization levels. However, levels of all
macro- and micronutrients were within the adequate
range for roses (White 1987, Cabrera 2003) even when
we lowered fertilization to 50% of the recommended
level. As expected, nitrogen, phosphorous, potassium,
and iron increased with higher fertilization level,
whereas magnesium showed an opposite trend. Re-
sponses of roses to fertilization may be complicated by
their episodic growth and ßowering. Cabrera et al.
(1995a,b) showed that nutrient demands of roses ßuc-
tuate with different growth phases, being lowest from
bud break to shoot elongation and highest from ßower
maturation to the next bud break. Nutrient demands
of roses may also ßuctuate with the amount of biomass
removed during each harvest (Tamimi et al. 1999).

In a previous study, we tested fertilization levels
above and below the recommended level and found
no signiÞcant effects on rose yield and vase life (Chau
and Heinz 2006b). The highest fertilization level
tested (225 ppm N, 150% of the recommended level)
was three times higher than the lowest fertilization
level tested (75 ppm N, 50% of the recommended
level), but we found no signiÞcant differences be-
tween the number of ßower shoots produced or the
number of petals per ßower among the fertilization
levels over three ßushes of growth and ßowering.
Length of ßower shoots and number of leaves per
shoot were also not affected by fertilization levels. The
range of fertilization (150Ð200 ppm N) typically used
in commercial production did not result in increased
rose yield and quality. Furthermore, lowering fertili-
zation level to 50% of the recommended level has no
effects on postharvest longevity (vase life) of cut roses
(Chau and Heinz 2006b). Interestingly, Chen et al.
(2007) suggested that ivy geranium plants fertilized
with 0.64 and 1.28 mM phosphorus were able to better
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compensate for spider mite feeding damage than
plants fertilized with lower phosphorus rates. Future
studies should investigate the effects of fertilization
level on the response of cut roses to spider mite dam-
age.

For both U.S. and European markets, consumer and
government pressure to lower chemical inputs, con-
cerns over pesticide resistance, and both phytotoxicity
and worker health issues has made development of
IPM solutions a priority for the ornamental industry
(Hamrick 2000). Our Þndings have demonstrated that
lowering fertilization to 50% of the recommended
level not only had minimal adverse effects on rose
yield and marketability but also signiÞcantly reduced
the potential severity ofT. urticae infestations because
fewerT. urticae eggs were laid. Growers would beneÞt
from having to apply fewer miticide applications if the
potential or realized fecundity of T. urticae on ßori-
culture crops could be substantially reduced by low-
ering fertilization. Fewer miticide applications would
minimize resistance development in T. urticae, lessen
adverse effects on beneÞcials, and lower risks of
worker exposure. Moreover, reduction in both fertil-
izer and miticide use should directly reduce not only
grower costs but also risks of plant phytotoxicity and
chemical runoff. We argue that reduction of fertiliza-
tion could be both an effective and easily imple-
mented tactic for pest management of either phyto-
phagous insects or mites.
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