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Abstract 

Damage in winter wheat caused by the grain aphid Sitobion avenae F., was studied in the labora

tory and at field level. 

Honeydew substitute solution was applied to flag leaves of winter wheat plants. One and fifteen 

days after application, the rates of net carbon dioxide assimilation and transpiration were 

measured. The rate of dark respiration was significantly higher one day after application of 

honeydew substitute as compared to the control. Other parameters describing the carbon dioxide 

- light response were not significantly affected. Fifteen days after honeydew substitute applica

tion, the two experimental years yielded different results. Under hot and dry conditions, the rate 

of dark respiration was higher while the rate of carbon dioxide assimilation at high irradiance, 

the mesophyll conductance and the leaf nitrogen content were lower than for the untreated control. 

In addition, chlorotic symptoms were visible. At moderate temperature and relative humidity, 

the initial light use efficiency was significantly lower fifteen days after treatment with honeydew 

substitute whereas other parameters were not significantly affected. 

In field experiments at two locations natural aphid populations consisting of mainly S. ave11ae 

were treated weekly with an aphicide from crop development stages DC 71, 73, 75 and 77, respec

tively, to create infestations of different size and duration. In the unsprayed controls densities 

reached 15.8 and 44.4 aphids per tiller, amounting to 182 and 544 aphid-days, respectively. Crop 

samples were analysed weekly, starting at flowering. At the smaller natural infestation, no 

significant effect on any yield component nor on yield was found at any treatment. The larger 

infestation caused a significant reduction of leaf area index, leaf weight, amount of water-soluble 

carbohydrates and grain weight on various sample dates when the infestation was not sprayed 

before DC 75. No effects were found on tiller and grain density nor on nitrogen content of plant 

parts at harvest. 

Additional keywords: photosynthesis, carbon dioxide assimilation. 

Introduction 

Aphids infesting cereal crops constitute an irregularly occurring economic problem in 

western Europe (Watt, 1983). In the Netherlands, Sitobion avenae F. and Metopo/o

phiwn dirhodum Wlk. are the most abundant species in winter wheat (Triticum aestivum 

(L.)), Rhopalosiphum padi L. occurring in lower densities (Carteret al., 1982). Although 

both S. avenae and M. dirhodum can cause significant damage (Ankersmit and Carter, 
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1981; Holt et al., 1984), S. ave1we usually attains higher densities under Dutch condi

tions. Therefore, attention is focussed on S. avenae in this paper. 

In supervised crop protection, analysis of costs and benefits of chemical control is 

carried out to establish the pest density at which pesticide use pays off (Zadoks, 1985; 

Drenth et al., 1989; Zadoks, 1989). Such analysis requires information on the popula

tion dynamics and the damage caused by the pest. The population dynamics of S. avenae 

has been studied extensively, considering both temporal (e.g. Carteret al., 1982) and 

spatial aspects (e.g. Rabbinge and Mantel, 1981). This paper considers the effect of 

injury by the grain aphid S. avenae on the yield of winter wheat. 

Studies on the effect of injury by S. avenae and M. dirhodum on wheat yield indi

cate that damage is a complex function of the distribution of aphids over the plant, 

the duration and the size of the aphid infestation, and factors which determine and 

limit crop growth (Wratten, 1975, 1978; Wratten and Redhead, 1976; Entwistle and 

Dixon, 1987; Wellings et al., 1989). In an early report (Van Roermund et al., 1986a, 

b), we applied a systems approach making use of a simulation model. Essential processes 

of the S. avenae - winter wheat system were described and quantified in a simulation 

model, which was then used to predict the dynamics of the state of the system. The 

system consisted of a sufficiently large field of winter wheat growing at the prevailing 

weather conditions, the available amount of soil nitrogen and the aphid infestation 

present. Water limitation was not included. The processes distinguished were photo

synthesis, uptake of nitrogen from the soil and distribution of carbohydrates and nitrogen 

over various plant parts. In the model, S. avenae affected both the availability of carbo

hydrates and nitrogen for the grains (Rabbinge and Coster, 1984) and the rate of carbon 

dioxide assimilation (Rabbinge et al., 1981). Variables describing the state of the system 

were crop development stage and dry weight and nitrogen content of plant organs. Preli

minary runs with the simulation model showed the effect of honeydew on photosyn

thesis to be a significant component of damage. The information available concerns 

mainly the effects of honeydew immediately after application to leaves (Rabbinge et 

al., 1981). Data on the effects after a longer period of time are limited and also, data 

to evaluate the performance of the model are needed. 

This paper reports results of experiments in which the short and medium term effects 

of honeydew on gas exchange of flag leaves of winter wheat were quantified. Secondly, 

the results of field experiments to establish the effect of S. avenae populations of various 

size and duration on crop growth and production are presented. 

Material and methods 

References to crop development stage are in Decimal Code (DC) (Zadoks et al., 1974). 

Weights are expressed in terms of dry matter. 

The effect of honeydew on gas exchange of leaves 

In a series of gas exchange experiments, the effect of honeydew of S. avenae on param

eters characterizing the carbon dioxide assimilation - light curve was established. To 

ensure a sufficiently large supply of honeydew, a substitute solution was prepared, reflec

ting the amino-acid and "Ugar composition of real honeydew. This composition was 

determined in a separate experiment carried out before the start of the gas exchange 

studies. 
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Chemical composition of honeydew. To determine the chemical composition of 

honeydew excreted by S. a venae feeding on winter wheat, 20 healthy winter wheat plants 

(cv. Arminda, DC 61), grown on a day soil (30-650Jo lutum) near Wageningen, the Nether

lands, under optimal nutrient supply (approximately 200 kg (N) ha - 1
), were potted and 

transferred to a greenhouse (average temperature 18 °C, 90% relative humidity). Apte

rous adultS. avenae, collected from a virus-free culture, were confined to the ears using 

perspex leaf cages (Vereijken, 1979). Each cage contained approximately 40 aphids. 

After three days, the cages were removed and rinsed with a small amount of warm 

demineralized water. The solution was filtered to remove exuvia and dirt and stored 

at -18 °C. Amino-acids were analysed by high pressure liquid chromatography. Sugars 

were determined volumetrically according to the method of Schaffer and Somogyi 

(1933), adapted by Vertregt and Verhagen (1979). The method distinguishes between 

monosaccharides (glucose and fructose) and higher sugars: di- and oligo-saccharides. 

Using an ultrasonic bath, a 25 (weight-)% honeydew substitute solution was prepared 

for use in the experiments, similar in amino-acid composition to real honeydew, using 

glucose and sucrose as sugars. 

Plant materia/for the gas exchange experiments. In March 1986, winter wheat plants, 

cv. Arminda (DC 12), grown outdoors were transferred to 26 em diameter buckets 

(content Sliter) filled with clay soil (22% lutum) and supplied with an abundant fertilizer 

rate of phosphate and potassium. Five plants were potted in each bucket. The buckets 

were dug ~into the ground, arranged in a rectangle, mimicking the natural crop struc

ture. To prevent border effects, a strip of one meter around the plot was sown to spring 

wheat. At development stages DC 14-15 and DC 23, nitrogen fertilizer was applied at 

a rate of 1 and 2 gram ammonium-nitrate per bucket, respectively. Water was supplied 

when necessary. One day prior to treatment the buckets were dug up and transferred 

to a roofed part of the experimental site to prevent rain from washing off the honeydew 

during the experiment. The plants were sprayed with triadimenol (Baytan, 0.5 g 1- 1
) 

during the second week of the experiment to control a beginning powdery mildew 

infection. 

In 1987, winter wheat plants (cv. Urban) were not transferred to pots because of ex

tremely wet field conditions in March. The plants remained at an experimental farm 

at Nagele, North East Polder and were subjected to normal farm practice until the start 

of the experiment in July. Total soil nitrogen amounted to 275 kg ha -I. Weeds, mildew 

and aphids were controlled chemically. 

Experimental procedure and data analysis. Both in 1986 and 1987, flag leaves of winter' 

wheat plants were given one of the following treatments: no applications (control), appli

cation of water (water), single application of honeydew substitute (hd1) and twice an 

application of honeydew substitute, waiting half an hour between applications (hd2). 

The latter two treatments were aimed at creating honeydew substitute deposits of diffe

rent size. Honeydew substitute was applied with a pipette and gently spread over the 

adaxial leaf surface of the flag leaves with the forefinger. 

For the measurements, plants were moved to the laboratory. In 1987, plants were 

dug up carefully and individually transferred to 51 buckets. The soil-moisture level was 

maintained at field capacity. 

Rates of carbon dioxide assimilation, respiration and transpiration of flag leaves were 
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measured, using laboratory equipment for routine measurements of photosynthesis 

comparable to the type described by Louwerse and Van Oorschot (1969). Relative 

humidity in the leaf chambers was approximately 50-600Jo and air temperature was 23 °C. 

Four or five flag leaves of main stems from at least two different buckets were included 

in each leaf chamber. Net carbon dioxide assimilation, transpiration, stomatal resistance 

and carbon dioxide concentration inside the substomatal cavity were calculated accord

ing to the procedure of Goudriaan and Van Laar (1978). 

The measurements were carried out one and fifteen days after treatment. In addition, 

carbon dioxide assimilation of flag leaves treated twice with honeydew substitute was 

measured three days after treatment in 1987 (abbreviated as hd3d) to evaluate whether 

effects found one day after treatment persisted. In this way, short and medium-term 

effects of honeydew were quantified. Evaluation of long-term effects (after 4 to 5 weeks) 

are beyond the scope of this paper. 

Two series of measurements were carried out. In the first, irradiance was varied from 

0 J m - 2 s ~ 1 to approximately 300 J m - 2 s -I in 6 steps at a constant ambient carbon 

dioxide concentration of 632 mg m- 3 (345 ppm). The carbon dioxide assimilation -

light response curve is described by a negative exponential function (Goudriaan, 1982): 

( 1 ) 

where P
11 

= net carbon dioxide assimilation rate (p.,g (C02) m - 2 s -I), Pm = carbon 

dioxide assimilation rate at light saturation and an ambient carbon dioxide concentra

tion of 632 mg m ~ 3 (p.,g (C02 ) m -2 s -I), Rd = dark respiration rate (p.,g (C02) m - 2 s- 1 
), 

t = initial light use efficiency (p.,g (C02) J -I), I = absorbed photosynthetically active 

radiation (PAR, J m ~ 2 s 1 
). 

The parameters Pnn Rtl and E were determined for each leaf chamber, using a non

linear least squares regression procedure (SAS, 1985). 

In the second series the ambient carbon dioxide concentration was increased to 900 

ppm and decreased to 50 ppm in discrete steps, at maximum irradiance of ca 300 J 

m 2 s 1
• Carbon dioxide assimilation was related to internal C02 concentration to 

eliminate the variation in stomatal resistance, using a negative exponential function 

(Kropff, 1987): 

(2) 

where Pm.m = carbon dioxide assimilation rate at carbon dioxide saturation (p.,g (C02 ) 

m - 2 s 1 
), Ci = internal carbon dioxide concentration (p.,g (C02) m - 3

), r = carbon 

dioxide compensation point (p.,g (C02 ) m - 3
), gm = mesophyll conductance (m s -t ). 

The parameters Pm.nl! rand g111 were determined per leaf chamber, using a non-linear 

least squares regression procedure (SAS, 1985). 

Differences in parameter values between treatments were evaluated in an analysis 

of variance. If differences at the IOOJo significance level were found, the Student-Newman

Keuls test was carried out to compare treatment means (Snedecor and Cochran, 1980). 

After carbon dioxide assimilation measurements in 1986, MgO-powder was dusted 

onto the leaf area, to mark the area covered with honeydew substitute. The result was 

photographed for estimation of the leaf area covered. As the outlines of the areas were 

blurred, this method yielded only a rough estimate. Therefore, instead of measuring 
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the area covered, the amount of honeydew applied was determined in a separate exper

iment, treating 10 flag leaves of winter wheat plants (DC 61) with honeydew substitute 

as described above. After one day, each leaf was washed with warm, demineralized water 

and the resulting solutions were pooled. The solution was filtered and freeze-dried and 

the dried material weighed. The same procedure was followed for 10 leaves treated with 

water. In 1987, the same procedure was applied to the leaves, immediately after the 

carbon dioxide assimilation measurements. Also, the amount of nitrogen in the flag 

leaves used for photosynthesis measurements was determined. 

In 1987, the diffuse reflection of photosynthetically active radiation was measured 

using a spectro-radiometer (LiCor Li-1800) to establish the additional reflection caused 

by honeydew. 

Quantification of damage in field experiments 

Experimental layout. In 1984, two experiments were carried out at the experimental 

farms 'de Bouwing' and 'de Eest', the Netherlands. Information on the experimental 

sites and on crop husbandry·practices is given in Table 1. The experiments were set up 

according to a randomized block design, with 4 treatments and 6 replications. Plots 

were 8 m wide and 11 m long on 'de Bouwing' and 8 m wide and 9 m long on 'de Eest', 

respectively, yielding a net-plot of 4 m width and two adjacent buffer strips of 2 m 

width each. The latter received the same treatment as the net-plot. 

Treatments. Chemical control of cereal aphids (Pirimor, 0.25 kg ha-t) was carried 

out to create infestations of different size. The treatments consisted of: 

A. weekly chemical control of aphids starting at DC 71; 

B. weekly chemical control of aphids starting at DC 73; 

C. weekly chemical control of aphids starting at DC 75; 

D. weekly chemical control of aphids starting at DC 77; 

E. no chemical control of aphids. 

The treatments started at DC 71, approximately coinciding with aphid immigration. 

On 'de Bouwing' the aphid population collapsed after DC 75. Therefore treatments 

C and D were omitted. On 'de Eest' treatment B was not carried out due to technical 

problems. 

Crop analysis and aphid sampling. Samples of 50 ear-bearing tillers chosen at random 

from the buffer of each plot, were harvested at weekly intervals, from flowering (DC 

60) until final harvest (DC 92). After assessment of the development stage, the tillers 

were divided into ear, leaf lamina and stem fractions. The stem fractions included ligules, 

auricules and leaf sheaths in addition to the true stem. Leaflaminae were further divided 

into living and dead tissue fractions. Living leaf area was measured using a leaf area 

meter (Licor Li-3100). Dry weights of the fractions were determined after drying at 

105 oc for 15 h. The stem fractions were dried at 70 oc for 15 h to enable subsequent 

chemical analysis of water-soluble carbohydrates. After threshing and drying at 105 oc 
for 15 h, grain dry weight and 1000 kernel weight were determined. The nitrogen content 

of the fractions and the amount of soluble carbohydrates in the stem fraction were 

determined at 2 to 3 weekly intervals starting at flowering (day 179 at 'de Eest' and 

day 172 at 'de Bouwing'). Final grain yield was also determined by combine harvesting. 
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Table 1. General information on the field experiments at the experimental farms 'de Bouwing' 

and 'de Eest'. 

Location 

Cultivar 

Soil type 

Previous crop 

Sowing date 

Sowing rate 

N-mineral (kg ha -· 1
)* 

N fertilization (kg ha -· 1
) 

Weed control 

Disease control 

Plant density at flowering 

Yield of treated control 

de Bouwing 

Randwijk, central river-clay area 

Arminda 

clay 35-55 OJo 

potatoes 

22 October 1983 

138 kg ha- 1 

60 

80+ 65 

22 Oct : 8 I ha-
1 

Tok Ultra 

i 5 May: 0.5 kg ha-
1 

Bayleton + 

2 kg ha- 1 maneb 

15 June: 3 kg ha-
1 

Corbeltop 

18 July: 2 kg ha -I Bayleton CF + 

2 kg ha- 1 maneb 

546 ± 59 (SEM) 

8754 ± 461 (SEM) 

* Amount of soil nitrogen available in February. 

de Eest 

Nagele, sea-clay area 

Arminda 

clay 330Jo 

sugar beets 

4 November 1983 
148 kg ha -I 

80 

60+80+50 

4 May: 8 l ha-
1 

DM68 

20 June: 0.5 kg ha-
1 

Bayleton + 

2 kg ha- 1 maneb + 

1 kg ha-
1 

Captafol 

636 ± 56 (SEM) 

8114 ± 559 (SEM) 

The crop at 'de Eest' was treated with glyphosate one week prior to harvest as the straw 

was still partly green, although the ears were ripe. 

The size of the aphid population was monitored by recording the aphid incidence 

(i.e. presence on a tiller) in a sample of 100 tillers per plot. If incidence was lower than 

IOOJo or higher than 900Jo the absolute number of aphids on 100 tillers per plot was 

recorded. In this way, the coefficient of variation in the population estimates was less 

than ca lOOJo (Ward et al., 1985). Monitoring started at DC 40. The aphid-index 

(Rautapaa, 1966) was calculated by integrating the aphid density over time, using linear 

interpolation to calculate aphid density between data points. 

Differences between treatments were evaluated in an analysis of variance. If differ

ences at the 50Jo significance level were found, treatments were ranked according to the 

Student-Newman-Keuls test. 

Results 

The effect of honeydew on gas exchange of leaves 

Chemical composition of honeydew. The amino-acid and sugar composition of 

honeydew of S. a venae is shown in Table 2. Of the 13 amino-acids identified, threonine 

was present in the largest amount. Mono- and higher saccharides occurred in approxi

mately equal amounts. 

Weather conditions during the gas exchange experiments. The time courses of daily 

maximum and minimum temperatures in 1986 and 1987 and the amount of precipita

tion in 1987 are shown in Fig. 1. Daily temperature was higher in 1986 with maximum 

values frequently exceeding 25 °C. During the second half of the experimental period 
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Table 2. Chemical composition of honeydew of Sitobion avenae, feeding on ears of winter wheat, 

development stage DC 61. The weight-ratio of sugar and amino-acids is 46. 

Sugars 

glucose, fructose 

higher saccharides 

temperature ( ° C) 

40 

30 

20 

10 

160 

temperature ( ° C) 

rain(mm) 

40 

30 

20 

10 

180 

170 

190 

day 

O?o 

51.5 

48.5 

tOO 

day 

180 

200 

Amino-acids O?o 

alanine 3.7 

aspartic acid 7.9 

glutamic acid 6.3 

glycine 2.3 

histidine 9.8 

isoleucine 4.5 

leucine 7.3 

lysine 2.5 

proline 8.0 

phenylalanine 6.3 

threonine 26.3 

tyrosine 7.3 

valine 7.8 

100 

1986 

190 

1987 

210 

Fig. 1. Daily maximum ( --- ) and minimum ( --------- ) temperatures (°C) during the ex

periments in 1986 and 1987 and precipitation (mm, IZJ) in 1987. Precipitation was absent in 1986. 
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in 1987, heavy thunderstorms occurred. In 1987, dew was recorded on the leaves, whereas 

in 1986 plants remained dry throughout the experimental period as a result of their 

sheltered position. 

Honeydew anwunt and leaf coverage. In 1986, 6.4 g m - 2 honeydew substitute was 

recovered one day after single application compared to 10.9 g m - 2 after double appli

cation. The fraction of the leaf area covered amounted to 50-600Jo in both treatments. 

No measurements of the amount of honeydew substitute were carried out fifteen days 

after application. 

In 1987, differences bet ween the treatments were small. One day after treatment, the . 

total amount recovered was 2.8 ± 0. 7 (SEM) g m - 2 and 2.3 ± 0.6 (SEM) g m - 2 for 

single and double application, respectively. The fraction of leaf area covered varied 

from lOOJo to 200Jo in both treatments. After fifteen days, no differences with the water 

treated control were measured. Because of the similarity in the amount of honeydew 

recovered, the results of the treatments hd1 and hd2 were lumped before analysis, 

indicated as hd. Three days after double application, the total amount of honeydew 

recovered was 2.2 ± 1.2 (SEM) g m 2
• Here too, the fraction of leaf area covered 

amounted to 10 to 200Jo. 

Effects of honeydew on carbon dioxide assimilation - light response. The results 

normalized P m values 
(control = 1 00) 

150.---------------------------. 

100 

50 

o~L4~~~~------~~--~~ 

control hd1 hd2 

--1986-

control hd hd3d 

--1987-

150.---------------------------, 

® 
* 

control hd1 hd2 

--1986--

control hd 

-1987-

Fig. 2. Normalized estimated parameter values of the rate of carbon dioxide assimilation at 

high irradiance (P
111

) of flag leaves of winter wheat treated with honeydew substitute. A: one day 

(hd1, hd2, hd) and three days after treatment (hd3d); 8: fifteen days after treatment. 

A description of the treatments is given in the text. Error bars represent the normalized standard 

error of the mean. An asterisk above a bar indicates a significant difference as compared to the 

water treated control (p < 0.10). 

For the control treatment in 1986, the values of Pm were (mean ± SEM): Pm = 1.50 ± 0.11 

mg C0
2 

m- 2 s -t after one day and Pm = 1.23 ± 0.14 mg C02 m - 2 s -I after fifteen days. 

For the control treatment in 1987, values of Pm were (mean ± SEM): Pm = 0.77 ± 0.06 mg 

C02 m 2 s 1 after one day and Pm = 0.77 ± 0.03 mg C02 m -
2 

s -J after fifteen days. 

The number of replications is indicated in Table 5. 
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of carbon dioxide assimilation measurements at various light intensities in 1986 and 

1987 are shown in Figs. 2, 3 and 4. For brevity, the results of the water treated control 

are not shown. These did not differ significantly from the untreated control. 

Application of honeydew substitute resulted in a significant reduction of the rate 

of carbon dioxide assimilation at high irradiances fifteen days after double application 

under the hot and dry conditions of 1986 (Fig. 2). Otherwise changes in Pm were minor 

after treatment. 

The rate of dark respiration was increased significantly one day after treatment in 

both experimental years. Three days after application in 1987 however, values of Rd 

were comparable to the control. Fifteen days after treatment, a significant increase in 

Rc1 was measured in 1986 following double honeydew application (Fig. 3). 

The initial light use efficiency was significantly reduced in 1987 fifteen days after 

application (Fig. 4). Other treatments with honeydew substitute did not have a clear 

effect. 

The ratio of carbon dioxide assimilation and transpiration (P/1) and the ratio of 

internal and ambient carbon dioxide concentrations (C/ Ca) were not affected by the 

honeydew treatments, except after double application in 1986 {Table 3). In the latter 

case, the ratio of assimilation and transpiration was reduced after both one and fifteen 

days, while the ratio of internal and ambient carbon dioxide concentration was increased 

one day after application. 

normalized Ad values 
(control = 1 00) 

200.--------------------------, 

0 
* 

200 

® 
* * 

150 150 

100 100 

50 50 

0~~~~~~----~~~_J~~ 0 

control hd1 hd2 control rd hd3d control hd1 hd2 control rd 

--1986- --1987- ---1986-- -1987-

Fig. 3. Normalized estimated parameter values of the rate of dark respiration (Rc~) of flag leaves 

of winter wheat treated with honeydew substitute. A: one day (hdl, hd2, hd) and three days after 

treatment (hd3d); B: fifteen days after treatment. 

A description of the treatments is given in the text. Error bars represent the normalized standard 

error of the mean. An asterisk above a bar indicates a significant difference as compared to the 

untreated control (p < 0.10). 

For the control treatment in 1986, the values of Rc1 were (mean ± SEM): Rc1 = 34 ± 2 p.g C02 

m- 2 s- 1 after one day and Rc1 = 31 ± 0.3 p.g C02 m- 2 s- 1 after fifteen days. 

For the control treatment in 1987, values of Rd were (mean ± SEM): Rc1 = 33 ± 4 p.g C02 m -
2 

s- 1 after one day and Rc1 = 20 ± 3 p.g C02 m- 2 s- 1 after fifteen days. 

The number of replications is indicated in Table 5. 
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normalized E values 

(control = 1 00) 

150.-~-------------------------. 

100 

50 

0~~~~~~----~~~~~~ 

control hd1 hd2 

--1986-

control hd hd3d 

--1987-

150 ® 

control hd1 hd2 

---1986--

* 

control hd 

-1987-

Fig. 4. Normalized estimated parameter values of the initial light use efficiency tof flag leaves 

of winter wheat treated with honeydew substitute. A: one day (hdl, hd2, hd) and three days after 

treatment (hd3d); B: fifteen days after treatment. 

A description of the treatments is given in the text. Error bars represent the normalized standard 

error of the mean. An asterisk above a bar indicates a significant difference as compared to the 

untreated control (p < 0.10). 

For the control treatment in 1986, the values of E were (mean ± SEM): f = 12 ± 1.1 J.tg C02 

r I after one day and 13 ± 1.1 J.tg CO:! J -I after fifteen days. 

For the control treatment in 1987, values of E were (mean ± SEM): f = 12 ± 0.6 J.tg C02 J- 1 

after one day and 13 ± 0.3 J.tg C02 J -I after fifteen days. 

The number of replications is indicated in Table 5. 

Leaf nitrogen contents are shown in Table 4. In 1986, differences were small one day 

after treatment. After 15 days, a significant reduction of the nitrogen content was found 

in leaves treated with honeydew substitute as compared to the untreated control. In 

1987, no differences in leaf nitrogen content were found after treatment. 

Effects of honeydew on carbon dioxide assimilation - carbon dioxide response. A 

significant (31 OJo) decrease in mesophyll conductance occurred fifteen days after double 

application of honeydew in 1986. Otherwise, parameter values did not differ signifi

cantly from the untreated control. 

Reflection of photosynthetically m;tive radiation. Average reflection of photosynthe

tically active radiation was not affected by treatment of leaves with honeydew substi

tute in 1987. 

Quantification of damage in field experiments 

Aphid population dynamics. In both experiments, the aphid population consisted 

mainly of S. avenae, the fraction M. dirhodum never exceeding 50Jo. R. padi was not 

found in the samples. Aphid density is shown in Fig. 5. In the untreated (E-)plots peak 

densities were reached at DC 75, amounting to 15.8 and 44.4 aphids per tiller on 'de 
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Table 3. Ratio of rates of photo&ynthesis and transpiration (PIT, g kg-
1
) and internal and 

ambient C02 concentration (C/C~) of flag leaves of winter wheat one, three and fifteen days 

after treatment with honeydew substitute. Light intensity was approximately 3001 m- 2 s- 1
• 

A description of the treatments is given in the text. Different letters following treatments indicate 

significant differences (ANOVA followed by Student-Newman-Keuls test, p < 0.10). 

One and three days after treatment 

1986 1987 

treatment 11 PIT C/Ca treatment 11 PIT C/Ca 

control 4 J .40 a 0.60 p control 4 1.11 a 0.68 p 

water 2 1.39 a 0.57 p water 2 1.16 a 0.65 p 

hdl 2 1.36 a 0.56 p hd 8 1.13a 0.65 p 

hd2 4 1.17 b 0.70 q 

hd3d 2 1.09 a 0.70 p 

Fifteen days after treatment 

1986 1987 

treatment 11 PIT q;ca treatment 11 PIT q;ca 

control 2 1.37 a 0.59 p control 4 0.93 a 0.75 p 

water 2 1.35 a 0.57 p water 2 1.09 a 0.73 p 

hdl 2 1.38 a 0.56 p hd 8 0.92 a 0.73 p 

hd2 4 1.18 b 0.62 p 

Bouwing' and 'de Eest', respectively. Chemical control resulted in aphid loads of 17.1 

(A), 66.0 (B) and 182.2 (E) aphid-days at 'de Bouwing' and 50.6 (A), 328.6 (C), 481.8 

(D) and 544.3 (E) aphid-days at 'de Eest'. 

Crop growth analysis. In neither experiment, the tiller density was affected by the 

aphid populations. This is expected as tiller density is determined before and during 

booting when no aphids were found. In the calculations constant tiller densities were 

used, 546 m - 2 for 'de Bouwing' and 636 m - 2 for 'de Eest', respectively. At 'de Bou

wing', treatment E significantly decreased leaf weight and leaf area index as compared 

to treatment A on two sample dates but no significant effects on grain yield were found 

(Table 5 and Fig. 6a). Neither stem weight, amount of soluble carbohydrates nor nitrogen 

fractions of the organs were consistently reduced after aphid infestation. Green leaf 

area duration was reduced, although not significantly. 

At 'de Eest', treatments C, D and E significantly reduced grain yield, grain weight, 

leaf weight and leaf area index on a number of sampling dates (Fig. 6b and Table 6). 

Grain density (the number of grains per square meter) was not affected by the treat

ments. Green leaf area duration was reduced significantly by treatments C, D and E 

as compared to treatment A (Table 6). Nitrogen fractions of leaves and ears were reduced 

significantly in treatment E (29.7 and 21.2 g kg- 1
, respectively) as compared to treat-
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Table 4. Nitrogen content (g (N) kg -I (dry matter)) of flag leaves of winter wheat one, three 

and fifteen days after treatment with honeydew substitute. A description of the treatments is 

given in the text. Different letters following treatments indicate significant differences (ANOVA 

followed by Student-Newman-Keuls test, p < 0.10). 

One and three days after treatment 

1986 1987 

treatment n N-content treatment n N-content 

control 4 44 a control 4 35 a 

water 2 46 a water 2 38 a 

hdl 2 46 a hd 8 36 a 

hd2 4 43 a 

hd3d 2 35 a 

Fifteen days after treatment 

1986 1987 

treatment 11 N-content treatment n N-content 

control 2 42 a control 4 25 a 

water 2 44 ac water 2 28 a 

hdl 2 38 be hd 8 26 a 

hd2 4 37 b 

mentA (31.1 and 20.7 g kg- 1
, respectively) on 25 July (day 207). At the final harvest, 

the amount of soluble carbohydrate in treatment E (8.9 g kg- 1
) was significantly lower 

as compared to treatment A (31.3 g kg- 1
). 

Discussion 

The effect of honeydew on gas exchange of leaves 

Data requirement. In the simulation model constructed to predict damage by S. avenae 

in winter wheat, published information on effects of S. avenae on crop physiology was 

used for parameterization (Van Roermund et al., 1986a, b). Preliminary runs with the 

model revealed the need for additional information on the effect of honeydew on leaf 

carbon dioxide assimilation because simulated yield was sensitive to the parameter values 

used, whereas the parameter estimates were uncertain. 

Early experiments concerning the effect of honeydew on carbon dioxide assimila

tion of wheat leaves considered effects both within five hours and one week after appli

cation (Rabbinge et al., 1981). In these experiments, statisticaliy significant reductions 

of the rate of carbon dioxide assimilation at high irradiance, the initial light use efficiency 

and the ratio of internal and ambient carbon dioxide concentrations were found immedi

ately following application. These effects were attributed to impaired carbon dioxide 
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Table 5. Grain weight (lO-
6 

kg), leaf area index (m
2 

m -
2
), leaf weight (kg ha -I) and green 

leaf area duration (m
2 

m-
2 

day) of winter wheat at three treatments on 'de Bouwing' in 1984. 

Treatments, not followed by the same letter are significantly different (p < 0.05). Treatment 

A: weekly chemical control of aphids from DC 71; treatment B: weekly chemical control of 

aphids from DC 73; treatment E: no chemical control of aphids. 

Date Treatment 

A B E 

grain leaf leaf grain leaf leaf grain leaf leaf 

weight area weight weight area weight weight area weight 

index index index 

20 June 4.7 1922 

27 June 3.3 1398 

3 July 3.4 1619 

II July 12.3 a 2.9 k 1383 p 13.1 a 2.7 k 1256 p 

18 July 18.2 a 3.1 k 1401 p 18.8 a 3.2 k 1365 p 

25 July 20.4 a 2.2 k 1412 p 19.9 a 2.1 k 1239 p 20.3 a 2.0 k 1312 p 

31 July* 20.3 a 1.8 k 1056 p 18.6 a 1.5 k 892 pq 20.4 a 1.2 k 746 q 

8 August 38.3 a 0.8 k 422 p 38.7 a 0.5 k 277 p 40.0 a 0.4 k 217 p 

23 August 39.5 a 0.0 k Op 37.8 a Ok Op 40.0 a 0.1 k 5 p 

Green leaf 163 e 157 e 151 e 

area duration 

* significant block effect grain weight, leaf area index and leaf weight (p < 0.05). 

exchange due to blocking of the stomata. The results of the carbon dioxide assimila

tion measurements one week after application were not conclusive due to lack of a control 

treatment. 

Plant material. In the present study, the condition of the plant material differed consid

erably between the two experimental years. Compared to 1986, the leaf nitrogen content 

of control plants was significantly lower in 1987, resulting in lower rates of carbon dioxide 

assimilation at high irradiance at a similar development stage. These differences were 

presumably caused by weather conditions before the experiment started. Average daily 

total global radiation during the four weeks preceding the experiments amounted to 

18351 m- 2 d 1 in 1986 and 15771 m- 2 d- 1 in 1987. Thus, the level of maximum photo

synthesis in 1987 may reflect adaptation of the leaves to the conditions of lower light 

intensity. Moreover, successive periods of abundant precipitation and drought in 1987 

may have adversely affected nitrogen uptake by the crop. The values of carbon dioxide 

assimilation in 1987 are comparable to those reported by Rabbinge et al. (1981). 

Honeydew amount and leaf coverage. The amount of sugars recovered from the leaves 

one day after application differed considerably between 1986 and 1987. Possible causes 

for the differences are differences in leaf wetness and mechanical effects of wind. In 

1987, honeydew was applied to wet leaves, whereas in 1986 leaves were dry. In 1986, 

treated potted plants were placed on a roofed area at the experimental site, which reduced 

mutual cleaning of leaves in the wind. 
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Fig. 5. Aphid density (tiller-
1
) at 'de Bouwing' (a) and 'de Eest' (b) during the field experi

ment in 1984. Treatments at 'de Bouwing' are A ( ......... ), B ( --------- ) and E ( -- ). 

Treatments at 'de Eest' are A ( ......... ), C ( --------- ), D ( -- - ) and E ( ---- ). At the 

top of the graphs daily maximum temperature (°C, -- ) and precipitation (mm, bars) 

during the experiment are indicated. A description of the treatments is given in the text.· 

Fifteen days after treatment in 1987, the amount of dry matter recovered from the 

leaf surface of treated leaves did not differ from the control. The decrease is attributed 

to the heavy rains between 13 and 20 July, and to consumption by phyllosphere fungi. 

Fokkema et al. (1983) recovered 6.3 g m - 2 honeydew (as glucose) from leaves of 

glasshouse-grown wheat infested with more than one hundred aphids per ear. Unfor

tunately, the duration of the exposition of the plants to the population was not reported. 

Rabbinge and Coster (1984) measured honeydew production rates of S. avenae on winter 

wheat plants (DC 45-75). Using their data and the aphid infestation of treatment E 

at 'de Eest' (which started in DC 71), we calculated the total amount of honeydew 

produced until DC 77 to be approximately 7 g m - 2 (leaf area index 3.4 m2 m - 2
). Under 

field conditions, the aphid population only occasionally exceeds densities of 30 aphids 

per ear and honeydew will be diluted by dew and rain. Thus, the amount of honeydew 

applied in 1986 represented a situation with a large aphid infestation, whereas the amount 

applied in 1987 was comparable to commonly occurring deposits. 
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Effects of honeydew on carbon dioxide assimilation - light response: one and three 

days after treatment. One day after treatment with honeydew substitute, effects on 

the carbon dioxide assimilation - light response were similar in both experimental years. 

Values of the rate of dark respiration (Rd) were increased significantly compared to 

the control, in 1986 only at the larger amount applied. Neither carbon dioxide assimi

lation at high irradiance (Pm) nor the initial light use efficiency (t) were significantly 

affected. Rabbinge et al. (1981) found a significant reduction of P m and t immedia

tely after application of honeydew. No information was given on Rd. These authors 

attributed the reduction of Pm and t to coverage of stomata, the size of the effect 

depending on the fraction of stomata covered. Apparently, the coverage of stomata 

affects carbon dioxide assimilation only for a short period of time. The fraction of 

stomata covered may decrease due to dew, crystallization of honeydew and removal 

of honeydew due to effects of stomatal movement. Scanning electron microscope photo

graphs taken one day after honeydew application showed gaps around the stomata in 

the further intact honeydew film (personal communication R. Rabbinge, 1986, and own 

observations). Conclusions will be possible when the fraction of stomata covered by 

honeydew is estimated in combination with gas exchange parameters. New techniques 

for the former have recently been developed (Hurej and Van der Werf, in prep.). 

Increased values of Rd one day after honeydew application have been tentatively 
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~ Table 6. Grain weight (10-
6 

kg), leaf area index (m2 m - 2
), leaf weight (kg ha-t) and green leaf area duration (m2 m - 2 day) of winter wheat at 

00 four treatments on 'de Eest' in 1984. Treatments, not followed by the same letter are significantly different (p < 0.05). Treatment A: weekly chemical 

control of aphids from DC 71; treatment C: weekly chemical control of aphids from DC 75; treatment 0: weekly chemical control of aphids from 

DC 77; treatment E: no chemical control of aphids. 

Date Treatment 

A c D E 

grain leaf leaf grain leaf leaf grain leaf leaf grain leaf leaf 

weight area weight weight area weight weight area weight weight area weight 

index index index index 

27 June 4.52 1930 

3 July 3.99 1823 

11 July 4.00 1823 

18 July 11.59 a 4.03 k 1933 p 10.81 a 4.02 k 1887 p 

25 July 16.25 a 3.79 k 2162 p 16.15 a 3.17 1 1946 p 

31 July 20.73 a 3.10 k 1781 pq 19.74 a 3.25 k 2014 p 20.03 a 2.67 1 1484 q 

8 August 32.74 a 2.61 k 1304 p 30.30 ab 2.31 kl 1147 pq 29.21 b 1.99 kl 988 q 29.30 c 1.85 1 922 q 

15 August* 34.56 a 1.53 k 806 p 33.68 a 0.91 1 481 q 30.62 b 0.73 1 396 q 30.53 b 0.891 464 q 

23 August 35.61 a 0.22 k 121 p 32.60 a 0.08 1 57 p 32.25 a 0.101 61 p 31.88 a 0.041 24 p 

31 August 34.18 a 0.03 k 20 p 33.77 a 0.00 k Op 31.91 a 0.00 k Op 31.82 a 0.00 k Op 

~ Green leaf 179 e 172 f 168 f 160 g 

~ area duration 
;.... 

~ * Significant block effect grain weight, leaf area index and leaf weight (p < 0.05). 
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Fig. 6. Grain yield (kg ha -J at 'de Bouwing' (a) and 'de Eest' (b). Treatments at 'de Bouwing' 

are A ( ------ • ------ ), B ( ...... .1. ...... ) and E (- •- ). No significant differences between treat

ments were found. Treatments at 'de Eest' are A ( ------ • ------ ), C ( ...... o ...... ), D ( -·-· .1. ·-·-) 

and E (- •- ). Similar or no letters for a treatment indicate no significant differences (p < 
0.05). A description of the treatments is given in the text. 

ascribed to stimulation of phyllosphere saprophytic micro-organisms by Smedegaard

Petersen (1982) and Smedegaard-Petersen and Tolstrup (1985) who measured signifi

cant increases of 0 2 consumption by leaves of barley, 12-24 hours after inoculation 

with saprophytic Cladosporium spp. and Alternaria alternata. The response of the plants 

subsequently declined until values comparable to the control were reached after five 

to seven days. In our experiments, three days after honeydew application no effects 

on dark respiration could be found. Thus, stimulation of the growth of the population 

micro-organisms by honeydew, if it occurred in our experiments, seemed limited to a 

few days. This agrees with results of Fokkema et al. (1983) who studied growth of popula

tions of saprophytic fungi and bacteria on leaves of spring wheat in vitro after applica

tion of 4.5 g m - 2 150Jo glucose solution. Populations increased exponentially until 

three days after application when the rate of increase decreased considerably even though 

the amount of glucose had only been consumed by 500Jo and still exceeded the amount 

of naturally occurring glucose. 

Effects of honeydew on carbon dioxide assimilation - light response: fifteen days after 

treatment. Fifteen days after treatment with honeydew substitute, the effects on the 

carbon dioxide assimilation - light response differed between the experimental years. 

The differences can be ascribed to differences in environmental conditions. In 1986, 

high temperature and low relative humidity caused crystallization of honeydew substi

tute and most likely reduced the growth of the phyllosphere mycoflora (Bashi and 

Fokkema, 1977). Therefore, the effects found were probably caused by honeydew per 

se, whereas the moderate temperatures and the occurrence of dew in 1987 were condu

cive to growth of saprophytic micro-organisms, which confounded the effects of 

honeydew. 
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In 1986, a complex of e'ffects was found fifteen days after double application of honeydew 

substitute: an increase in Rd and decreases in Pnl' mesophyll conductance (g11J and leaf 

nitrogen content. Macroscopically, chlorotic areas were visible, especially at sites which 

were covered by honeydew substitute. Similar symptoms were observed in field experi

ments under hot and dry conditions (Vereijken, 1979; own observation, July 1984). Injury 

by honeydew under such extreme environmental conditions may be caused by prolonged 

exposure of leaves to the high osmotic potential of the honeydew solution as was 

suggested by Vereijken (1979). Several authors have reported increases in Rct as a 

general consequence of repair processes in injured plants (e.g. Kosuge and Kimpel, 1981). 

The decrease in Pm after fifteen days appears to be the result of changes in biochemical 

processes in the leaf rather than coverage or malfunctioning of stomata as no changes 

in the ratio of internal and ambient carbon dioxide concentrations were found. 

In 1987 fifteen days after application, differences in the amount of honeydew between 

treatments with water and honeydew substitute were absent. Honeydew was washed 

off by the heavy rains or was consumed by the phyllosphere mycoflora. Apart from 

a decrease in the initial light use efficiency, no significant effects were found after treat

ment. It is tempting to attribute the decrease of initial light use efficiency to absorption 

of photosynthetically active radiation by the phyllosphere mycoflora. However, as only 

reflection and not transmission of PAR was measured, no conclusion can be drawn. 

Rabbinge et al. (1981) found 607o reduction of absorption of photosynthetically active 

radiation by flag leaves of spring wheat, 48 days after treatment with honeydew at low 

relative humidity as compared to an untreated control. No information was given on 

the statistical significance of the effect. 

The relation between relative humidity and the effect of honeydew on wheat leaves 

is also found in other reports. In a greenhouse experiment at relatively dry conditions 

(40-7007o relative humidity), Rabbinge et al. (1981) observed that leaves treated with 

honeydew yellowed and died more quickly than controls. Under field conditions, 

Fokkema et al. (1979) found no evidence of accelerated senescence after spraying flag 

leaves of spring wheat with nutrients, consisting of 20Jo glucose, 0.50Jo yeast extract and 

0.05 'Tween 80', a mixture of Aurobasidium pullulans, Cladosporium spp. and nutrients, 

and water respectively. The experiments took place in 1975 and 1977, years with moderate 

temperature and relative humidity. 

The increases of the rate of transpiration relative to the rate of carbon dioxide 

assimilation, which were found both one and fifteen days after double application of 

honeydew substitute in 1986 (Table 3), may have been caused by leaf exudation (Ajayi 

and Dewar, 1983) due to the high osmotic potential of honeydew. In 1987, no effects 

on the PIT ratio were observed. These results support the surmised injurious effect 

of honeydew substitute under hot and dry conditions. 

Quantification of damage in field experiments 

In the field experiment at 'de Bouwing', the lack of significant effects is partly attribut

able to the lower aphid densities and to the large variation in the data caused by the 

heterogeneity of the soil. An alternative explanation concerns the condition of the crop 

at the onset of the experiment. At flowering, a relatively large reserve of soluble carbo

hydrates was available, amounting to 180Jo of the total stem dry matter compared to 

90Jo at 'de Eest'. Also, leaf area index at anthesis exceeded the value on 'de Eest', 
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contributing to a large amount of carbohydrates available for grain growth. This may 

have allowed more compensation of the effects of aphid infestation than at 'de Best'. 

Quantitative evaluation of this hypothesis is possible by means of a simulation model 

of aphid damage. 

Yield of grain dry matter decreased between the penultimate and final harvest in 

some treatments at both experimental locations. The maximum decrease was observed 

in treatment A at 'de Eest' and amounted to 1176 ± 696 (SEM) kg ha -'.Apart from 

sampling errors, the decrease may be due to respiratory loss, at 'de Best' aggravated 

by the presence of green plant parts after grain filling had ceased. 

In the field experiment at 'de Best', grain yield was reduced by aphid infestation on 

the ears. Of the three yield components, tiller and grain density were not af(ected but 

grain weight was reduced significantly. Leaf area duration was reduced as a result of 

accelerated leaf death. The results confirm earlier reports by Wratten (1975, 1978), Lee 

et al. (198la, b) and Rabbinge et al. (1981). Soluble carbohydrates seem to be exhausted 

more quickly in the presence of aphids (cf. Wratten and Redhead, 1976). Ear nitrogen 

content was increased and leaf nitrogen content was decreased at the time the aphid 

population peaked. At the final harvest, no differences in nitrogen content of plant 

parts were found. 

Lee et al. (1981a) found early infestations of S. avenae on spring and winter wheat 

(DC 61 to DC 75) to be more damaging than late infestations (DC 75 to DC 91). The 

size of the largest infestation was almost four times as large as in the present experi

ments. Our results indicate --that the crop remains susceptible until mid milky ripe 

(DC 75). 

Differences in experimental design and variability in results are inherent to a purely 

experimental research approach and call for a large body of information before general 

conclusions on damage by S. avenae can be drawn (Entwistle and Dixon, 1987). Alter

natively, empirical information on processes involved in the interaction between the 

grain aphid and the crop can be integrated with crop-physiological knowledge in a 

simulation model. Then, conclusions on the effect of aphid injury on yield are of a 

causal rather than a statistical nature. Also, the simulation model can be used to evaluate 

the quantitative consequences for grain yield of uncertainty in the relation between 

injury by honeydew and weather conditions. The results of such analysis are presented 

elsewhere (Rossing, 1991). 
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Samenvatting 

Simulatie van scha.de in wintertarwe veroorzaakt door de grote graanluis Sitobion 

ave1we. 1. Kwantificering van de ejjekten van honingdauw op gaswisseling in bladeren 

en van populaties bladluizen van verschillende omvang op gewasgroei 
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Schade in wintertanve veroorzaakt door de grote graanluis Sitobion avenae F., werd 

bestudeerd in laboratorium- en veldproeven. 

De vlagbladeren van wintertarweplanten werden behandeld met honingdauw-sub

stituut-oplossing. Een en vijftien dagen na behandeling werden de netto fotosynthe

sesnelheid en de transpiratie van de behandelde bladeren gemeten. Na een dag werd 

een verhoging van de donkerademhaling gemeten in vergelijking met de controle. Vijftien 

dagen na behandeling werden verschillende resultaten gevonden in de twee experimen

tele jaren. Onder warme en droge omstandigheden in 1986 was de donkerademhaling 

hoger terwijl de fotosynthese bij verzadigende lichtintensiteiten, de geleidbaarheid van 

het mesofyl en het stikstofgehalte van de bladeren lager waren dan in de controle. Ook 

werden chlorotische vlekken waargenomen. Bij gematigde temperaturen en relatieve 

vochtigheid in 1987 werd een verlaging van de initiele efficientie van lichtbenutting 

gemeten. 

In twee veldexperimenten werd een natuurlijke aantasting van voornamelijk S. avenae 

op verschiltende tijdstippen chemisch bestreden. Op deze wijze werden aantastingen 

van verschiltende omvang en duur verkregen. Vanaf bloei van het gewas werden weke

lijks gewasmonsters geanalyseerd. Een natuurlijke aantasting vanaf DC 71 met een 

bladluisindex van 182 en een piekdichtheid van 15,8 bladluizen per halm, leidde niet 

tot significante reduktie van de gevvasproduktie. Een aantasting beginnend in DC 71 

met een bladluisindex van 544 en een piekdichtheid van 44,4leidde tot significante verla

ging van de bladoppervlakte'index, de blad biomassa, de hoeveelheid water-oplosbare 

koolhydraten en het korrelgewicht. Geen effekten werden waargenomen op halm- en 

korreldichtheid of op het stikstofgehalte van plantedelen bij de oogst. 
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