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INTRODUCTION
The swede midge Contarinia nasturtii (Kieffer), a

member of the family Cecidomyidae (Order, Diptera), is a
small insect, the larvae of which induce gall formation on
numerous cruciferous plants. Kieffer (1888) first
described the midge which he reared from larvae occupying
the closed flowers of Nasturtium palustre D.C., now known
to be Rorippa islandica (Oeder) Borbas. In subsequent

years numerous authors have reported the midge, under

various synonyms, as a frequent pest of several important

cruciferous crops.

Synonymy:

Contarinia (Diplosis) nasturtii (Kieffer), 1888.
Contarinia torquens ..¢c¢e¢es... Meijere, 1906.
Contarinia perniciosa ......... Ribsaamen, 1914.
Contarinia geisenheyneri ...... Rtlbsaamen, 1917.

Also, according to recent studies by Stokes (1953a),

Contarinia ruderalis .¢eeve.... (Kieffer), 1890.
Contarinia isatidis ¢¢ecevee... RUbsaamen, 1910,

A comprehensive account of the synonymy of C.nasturtii
is given by Barnes (1950).

The swede midge is widespread in Europe and its life-
history has been investigated by numerous authors:- In
England (Taylor, 1912; Dry, 1915; Thomas, 1946), in
Holland (Meijere, 1906; Leefmans, 1937, 1938 and 1939),
in Denmark (Rostrup, 1928), in France (Olombel, 1931:
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Mesnil, 1938) and in Germany (Roesler, 1937; Noll et al,
19423 Frickhinger, 1943 and Hornig, 1953). With little
variation the life-cycle of the midge is given thus:-
There are from three to five generations a year; adults
of the first generation emerge from the soil in June and
after mating, the female lays her eggs on the younger
parts of the host plant. The larvae feed gregariously on
the host causing abnormal growth resulting in the
production of a gall. When fully developed fhe larvae
leave the plant and burrow into the upper layers of the
soil. Here they spin a membranous cocoon inside which
they pupate. The pupa leaves the cocoon and makes its
way to the soil surface where adult emergenbe occurs.
The duration of each generation varies with seasonal
conditions but usually lasts from four to six weeks.
Larval cocoons of the final summer generation, as well as
a variable proportion of those from previous generations,
enter a diapause state in which they overwinter.

This then is the basic plan on which previous
researchers have attempted to explain the extreme
fluctuations in abundance known to occur both in space
and time,

Briefly this thesis re-examines the life-cycle of
the swede midge in detail and investigates the effect of

what seem to be the important environmental factors on

successive stages of development. After consideration

!
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of the observed population fluctuations of C.nasturtii at
Nafferton, Northumberland, during 1957-1960, the thesis
concludes with a discussion of population change in

relation to various components of the environment.



SECTION I. THE ADULT



1.1 Emergence.

The act of emergence may be considered to begin with

the vacation of the cocoon by the pupa, since eclosion

soon follows. The pupal cocoon is formed near the soil
surface (for details see Section 4). When fully developed,
the pupa bursts out of the cocoon, the initial break in the
membrane being made by the forward projecting dorsal
thoracic horns. Contraction, expansion and gyration of
the abdomen causes the pupa to leave the cocoon and move
upwards through the soil. In this the pupa exhibits
strong negative geotaxis; 1if reversed, 1t reorientates
itself in order to burrow upwards. At the surface the
pupa protrudes from the soil, only the tip of the abdomen
remaining firmly anchored. The pupal case then splits
longitudinally along its dorsal thorac¢ic surface and the

head and thorax of the adult are withdrawn. Legs,
antennae, wings and abdomen soon follow but not without
considerable effort. Once free of the pupal case the
adult is immediately active. Eclosion takes from 1-=5
minutes—at 2000.; adults taking longer than this to

emerge are invariably deformed and offen fail to free

themselves.

1.11 Effect of temperature on emergence.,

Emergence will occur at all temperatures between

O
about 10 C. and 3000. Below 10°C. the pupa appears to be
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inactivated and temperatures above 3000. tend to induce
high mortality Jjust prior to emergence. It will be shown
later that pupae develop at temperatures as high as 3200.
but successful emergence of the adult at this temperature
is inhibited. The lower lethal temperature for pupae has
not been precisely ascertained but limited observations

show that temperatures as low as 5°C. can be withstood for
at least 1-2 days. Prolonged exposure to this temperature
results in death. |

Barnes (1930) states that adults of several other
midge species have a characteristic daily emergence curve
which may differ for different species; that males emerge
earlier in the day than females and that'pupae of different
species, and different sexes, are differentially affected
by temperature. There is no specific reference to a
diurnal emergence rhythm for C.nasturtili but Barnes, among
others, thinks that such a rhythm may exist. He infers
this from his observation that ovipositing females are more
numerous during the late afternoon and early evening.

Figures 1 and 2 show the results of two experiments
carried out in July 1959, with the aid of rearing tubes
(see Tables 1 and 2 for complete details). The rearing
tubes consisted of 2-inch lengths of 7/8 inch diameter
glass tubing, the ends of which were capped with discs of

rhosphor-bronze gauze (100 mesh per inch) welded %o



FIGURE 1.

Emergence of adults of C.nasturtii in the field
experiment of T7th July, 1959: (2-hourly
totals from five replicates, each
containing 200 larvae).

Open circles: <females
Closed circles: males

Broken line: so0il temperature °a.
(2.5 cms. depth)

FIGURE 2.

Emergence of adults of C.nasturtii in the field
experiment of 30th July, 1959: (2-hourly
totals from five replicates, each
containing 100 larvae).

Open circles: females
Closed circles: males

Broken line: s0il temperature °c.
(2.5 cms. depth)
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Table 1. Daily fluctuatioh of adult emergence
in Ehe field C.nasturtii, 7Tth July 1959

, Time (G.M.T.)
0800 1000 1200 1400 1600 1800 2000 2200

Total

TSgP' 15.0 22.1 24.2 22.9 21.5 18.0 17.1 15.5
A¥ ¥ - 3 1 1 4 - T 1 2 - 4 - 1 - - > 19
B 1 2 1 3 7 7 410 = 8 1 1 - = - - 14 31
C 1 -5 2 3516 11 3 2 1 2 1 1 16 19
D - - 1 3 = 3 = 5 1 3 = - - 1.- 1 2 16
E 1 - 4 - 3 1 2 2 1 7 = 3 =11 2 12 16
Total 3 214 91420 T30 421 410 1 5 2 4 49 101

” 23 34 37 25 14 6 6 150

¥Each replicate with 200 larvae

¥*Males on left, females on right
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Table 2. Déily fluctuation in adult emergence
in the field C.nasturtii, 30th July 1959

Time (G.M.T.)

0800 1000 1200 1400 1600 1800 2000 2200 g .
TSgP' 14.0 15.1 17.2 18.5 18.0 17.5 16.0 15.4

A¥ %%

1 = = = -

1 - 4 2 l - 2 1 - T 5
B - - 3 = 11 =51 = =« 2 =1 = = 59
C - = - 11 -1 - = 4 - 3 = = = - 228
D - = 1 = = - 2 4 - -1 3 -1 - - 4 8
E 1 = 2 = = = = = = =1 2 = = = = 4 3
Total 1 - 7 2 6 3 4 9 1 4 211 - 4 1 - 22 33

1 9 9 13 5 13 4 1 95

*Bach replicate with 100 larvae.
*¥Males on left, females on right.
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polythene collars fitting tightly over the glass tubing
(Laughlin, 1958). In the first experiment (Fig. 1) five
rearing tubes, each containing 200 larvae in moist soil,
were sunk in the study field to the appropriate level.

The larvae had been collected earlier from galled plants

in this field and assigned at randcoem to the tubes. On

the day after emergence began the tubes were examined every
two hours commencing at 0800 hours until 2200 hours (all
times refer to G.M.T.) and the number and sex of the adults
recorded. The exﬁeriment was repeated several days later
with five replicates, each containing 100 larvae (Fig. 2).
Both Figures show that males emerge a little earlier than
females and that emergence is continuous throughout the day
(0800-2200 hours). They also suggest that the amount of
emergence increases as soil temperature rises and decreases
ags it falls throughout the day. This is more noticeable
in Fig. 1 where the diurnal range in temperature was

considerably greater than in Fig. 2.

The closeness of the relation between soil-temperature
and emergence curves was examined in the laboratory. The
experiment was carried out in the dark (except for actual
counts which took only a few seconds every two hours). In
each of 10 rearing tubes, 40 larvae were incubated at 20°C.
Starting at 0800 hours on the day after emergence began,

five of these tubes were subjected to the following



FIGURE 3.

A. The emergence of adults of C.nasturtii
at constant temperature (2000.)

B. The emergence of adults of C.nasturtii

in a rising and falling temperature
regime

Points represent the 2-hourly totals from

five replicates each containing
40 larvae

Open circles: <females
Closed circles: males
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Table 3A. Adult emergence under a rising and

temperature regime
C.nagturtii)

Time
(hrs)

10-12
12-14

Time

(hrs)

8-10
10-12
12-14

fallin

Temp.
80.

10
15
20
25
20
15
10

Totals

Tenmp.
8C..

20

Totals

*Each tube started with 40 larvae.

**Males on left, females on right,

31

A*

* %

O

4

Tubes

C

-
|

SN
|

(C.nasturtii)

1
1
2
T
2
1

L
D
1

2

Tubes
C

4 2
4 1
1

- 1

- 3
5 14 312 9 8 3 6 213

Table 3B. Adult emergenge at
temperature 20°C.

AT \C I
}

10

'O R ™ e B R

4 13

constant

1 -

Totals
Male Female
1 1
3 1
6 5
4 15
> 9
2 >
- 5
21 45
Totals
Male Female
T 5

6 3
3 5
3 T
1 1.3
1 T
1 13

22 53



sequence of temperatures °c.: 10, 15, 20, 25, 20, 15, 10,
two hours being spent at each temperature. At the end of
each two-hour period, numbers and sex of emerged adults
were recorded. The other five tubes remained at 20°C.,
but emergences were recorded at the same time intervals.
The curves are compared in Fig. 3 (see Table 3 for full
details). When temperature rises and falls, the
emergence curve tends to rise and fall likewise (Fig. 3B).
On the other hand, when temperature is constant there is
no sign of any "peak" (Pig. 34). These experiments
therefore confirm that the peaked form of diurnal emergence

in the field is due largely to soil-temperature.

1.12 Effect of soil-moisture on emergence.

Adults may emerge from a wide range of soil-

molistures. In theory, two extremes (A & B) prevent
emergence.

A. During periods of high temperature and low rainfall
the moisture content of the upper layers of the soil (O-
2.5 cm.) may be reduced to a point where the atmosphere
of the pore spaces is unsaturated with water wvapour. In
such conditions pupae lose water and may die before they
are ready to emerge.

B. Pupae may vacate their cocooné and surface when the
soil 1s saturated with water. Under these conditions

eclosion is inhibited. Table 4 shows the results of an
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experiment which demonstrates the effect of soil saturation
on emergence and the ability of pupae to survive short .
periods of immersion. 20 larvae were placed in moist soil
in each of 10 rearing tubes and incubated at 20°¢. On the
day before emergence was due to begin, five of these tubes

were stood in water. The level o0f the water was

maintained about 0.5 cm. below the soil surface. During

the next five days (Period I) the number of adults emerging
from each tube was recorded. At the end of this time, the
"wet" tubes were drained and observations continued for a
further five days (Period 2). The numbers of adults
emerging during each period from the control and the "wet"

tubes are shown in Table 4. In the control tubes 82% of
individuals emerged but only 32% in the "wet" tubes.

Moreover most of the successful individuals in the control
tubes (78 in 82) emerged in Period I while most in the wet
tubes (29 in 32) emerged in Period 2. Clearly soil-

saturation can cause the death of some individuals and

retard the emergence of others.

1l.13 Depth of pupal cocoon in the soil and its effect
on adult emergence.

The results of two experiments which follow show

conclusively that for successful emergence pupae must

develop near the surface of the soil.

In the first experiment larvae were allowed to pupate



Table 4. Emergence of adults of C.nasturtii
from moist (control) and saturated

goll surfaces

Number of adults emerging
Replicates Period 1 Period 2

(20 larvae per tube) (0-5 days) (5-10 days)
Control Vet Control Wet*

A 17 ] %% 1 5

B 19 0, O T

C 15 ] %% 1 4

D 11 1 %% 2 3

E 16 O 0 10

Totals 78 .03 4 29

*¥ = drained

**gdults emerged from pupae which climbed away from
the wet soil surface.
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in rearing tubes at their "natural level'. Ten tubes
were filled with soil to a depth of 2.5 cm. and 10 larvae
added to each. After incubation for‘four days at 20°¢.
(when pupation would occur) five pairs of tubes were
selected at random and the soil depth in four of them
increased by 1.0, 2.5, 5.0 and 7.5 ecm. through adding soil
of uniform particle size (less than 2.0 mm.). Where

necessary the tubes were extended in length to accommodate

the extra depth of soil. Each tube was tapped for a
standard number of times to effect uniform compaction of
the soil. All tubes were then soaked, drained and
incubated at 20°¢. The number of adults and their day of
emergence for each tube are shown in Table 5. Ten days
after emergence started the soil in each tube was washed
through a fine sieve (100 mesh per inch) and empty pupal

cocoons and dead pupae counted (Table 5A).

No emergence occﬁrred in the tubes with more than
1.0 ecm. of additional soil. In these tubes nearly all
the larvae pupated but the pupae died after vacating their

cocoons (see numbers of empty cocoons and dead pupae, Table

5A).  Three adults emerged after an extended period of

time in the tubes with a 1.0 cn. layer of soil. Again,

many dead pupae were recovered. In the controls emergence

was complete, all but one larva which was parasitized,

eventually producing adults.



Table 5. Adult emergence of C.nasturtii
through different depths of soil.

Days after
first emergence

O
1
2
3
4
5
6
T
8
9

10
Total

*¥Each ftreatment consisting of two replicates,

O)*

2
2
5

~J N

9 10

Depth of soil (cms. )

1.0

1
1
2

2.5

ten larvae

5.0 Te5

Table HA. Residual cocoons, pupae etec.
remaining in soil

Empty pupal cocoons
Dead pupal cocoons -

Parasitized larvae

Adults emerged

Depth of soil (cms.)

O 1.0
9 10 10 10
O 0O O O
O 0 8 9
1 0 O O
910 2 1

e D 2.0

9 10 10 10
1 0 O O
910 8 9
O 0O 1 O
O 0 0 O

each with

TeD
10 10

O O
10 10

O O

O O
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It is clear that successful emergence can only occur
when pﬁpae develop near to the soil surface, at their
"natural level",

It is conceivable that the ability of pupae to move
up through soll may depend on the size of the soil pore
spaces., The following experiment was designed to test
this. Using sieves of the requisite mesh three grades of
& s0lil were prepared with the following particle size:-

Pl e e o 0 0 leSS than 2-0 Inm.
P ® o 200_310 011
P 3.0-5-0 mmn.

2 e & »

3.....
The procedure was the same as in the preceding

experiment in that larvae were allowed to pupate at their
"natural level" and then that level was changed by
addition of soil. The three particle sizes were used
with three depths (0.0, 1.0 and 2.5 cm.) of additional
soil, and there were three tubes for each depth/particle-
size treatﬁent, making 27 tubes in all, each starting with
20 larvae allotted at random from a field collection.

- This experiment differed in that there were considerabdble
amounts 6f'both diapause and parasitism among the larvae.
The parasitism provided an opportunity for comparing

emergence of the adult parasite, Synopeas sp. B (see
Section 5.1) with that of its host.

The total day by day emergence of adults from each
group of tubes is shown in Pig. 4. It is apparent that




FIGURE 4.

The emergence of adults of C.nasturtii and a
parasite, from three depths of soil of
differing particle sige (daily
emergence totals from three replicates per
treatment)

particles less than 2.0 mm.
particles 2.0-3.0 mm.
particles 3.0-5.0 mm.

Pl’
P3,

White columns: adults of C.nasturtii

Black columns: adults of Synopeas sp. B
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the number of adult midges emerging diminished with
increasing depth of soil cover, but that the reduction was
less marked as the size of soil particle increased. In
addition the time taken to emerge tended to increase as

the soil depth increased. This is apparent in Fig. 4 and
is made clearer by tabulating mean emergence times¥* from

day O thus:-

0.0 1.0 2¢5

P, 13.1 (112) 14.3 (13) 15.7 (3)
P,  13.0 (78) 14.9 (56) 15.2 (37)

P, 13.5 (66) 14.9 (63) 15.1 (38)

*mean emergence times in days; number of adults in
brackets.

Obviously the reason is simply that pupae take more time
to reach the surface through deeper layers of soil.

Table 6 shows full details of numﬁers of adults and
of empty pupal -cocoons recovered at the end of the
experiment. The number of empty pupal cocoons invariably

exceeded the number of emerged adults. This simply means

that some death occurred after cocoon vacation. As would
be expected, the proportion of deaths was greatest in the
- tubes with the deepest layer of soil of the smallest
particle-size (Pl, 2.5 cm.). The higher proportion of
deaths in.P2, 0.0 ¢m. and P3, 0.0 cm. than in Pl’ 0.0 em.,

if significant, could be a matter of desiccating conditions



Table 6. Effect of soil depth and particle size
on adult emergence of C.nasturtii
Each replicate, R, started with 50 larvae.
Number of adults shown with number of empty

pupal cocoons

Soil particle

Depth of soil cover (cm.)

5ize 0 1.0 2.5
R1 43 (46) 7 (43 3 (43)
P,y £ 2.0 mm. R2 34 43) 5 (44 0 41;
R3 35 (38) 1 (41) 0O (40
Total 112 (127) 13 (128) 3 (124) 128 (379)
R1 24 (38) 16 (46) 12 (45)
P,, 2.0-3.0 R2 31 2423 27 244 12 46;
2
R3 23 44) 13 39 13 (44
Total 78 (124) 56 (129) 37 (135) 171 (388)
R1 9 (24) 22 (39) 19 (42)
P3, 3.0-5.0 R2 29 (40) 24 37; 11 41;
R3 28 (43) 17 (37 37
Total 66 (107) 63 (113) 38 (120) 167 (349)
Depth totals 256 (358) 132 (370) 78 (379) 466 (1107)
Table 6A. Analysis of Variance
Sum of Mean
Variation due to: df Squares Square F P
Depth of soil ...... 2 1850.97 925.49 29.46 <.001
Particle size ...... 2 125.41 62.71 2.00 <.l
Ixteraction (D x P) 4 1007.48 251.87 8.02 «¢.001
ETTOY cvvevesccnnensa 18 565.33 31.41 -

26 3949.19
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arising in small amounts of soil (3-5 gm.) of large

particle-sgize.

An analysis of variance (Table 6A) shows that a

significant reduction in the number of adults emerging
occurred with increasing depth of soil (V.R. = 29,46, with
2 and 18 df., p < .001). The effect of soil particle size

alone on emergence was not significant (V.R. = 2.00, with

2 and 18 df., p > 0.1) but the highly significant inter-
action variance (V.R. = 8.02, with 4 and 18 d4f., p ¢ .001)
demonstrates that the success of pupae in emerging from
unnatural depths really does partly depend on soil particle
size, larger size permitting easier movement because of
larger pore space.

Numbers of parasites (Synopeas sp. B) from each tube
are given in Table 7. Analysis of variance (Table TA)
shows that neither depth of soil cover nor size of soil
particle influenced their emergence. The adult parasite
geems well adapted to movement through the soil by reason

of the small size and general conformation of its body (see

Plate B, Section 5.1).

Finally, the larvae remaining in diapause in each tube
were recovered from the soil angd counted (Table 8).
Inspection of the results shows that the treatments had no

effect on the incidence of diapause.

The foregoing experiments were undertaken partly to



Table 7. Effect of soil depth and particle size

on emergence of Synopeas sSpD. B,
(Hymenoptera, Proctotrupoidea),

a parasite of C.nasturtii

Depth of soil (cm.)
Soil Particle

Size O 1.0 2.5
R1 O 2 3
Pl, { 2.0 nnm. R2 6 3 1
R3 1 2 O
Total I i 4 18
R1 3 3 4
P2, 2.0-3.0 mm. R? 4 3 1
R3 4 3 4
Total 11 9 S 29
Rl 1 > 3
P3’ 3-0-5;0 Il . R2 4- 3 2
R3 3 4 2
Total J 12 1 2T
Depth totals 26 208 20 T4
Table TA. Analysis of Variance
: oum of Mean
Variation df Squares Square 1)
Depth of soil .. 2 3.86 1.93 0.87
Particle size .. 2 T.63 3.82 1.72
Interaction .... 4 3.70 0.93 0.42
EI‘I‘OI‘ S ¢ ¢ 0 00 s e 18 40-00 2-22 —

Total 26 55.19 -

e ——— W g kB - r———— i - =



Table 8. The numbers of diapause larvae in the
soil-depth/particle-size experiment
(see Fig. 4 & Tables 6, T)

Number of diapause larvae
901l particle

sige Depth of soil (cm.)
O 1.0 2.5
R1 2 6 6
Py, 2.0 mm. R2 17T 3 3
R3 10 6 1
Total 19 15 16 50
R1 10 4 A
P2, 2.0-3,0 mm. R2 1 4 4
R 2 6 6
Total 13 14 14 41
Rl 2 4 B
P3, 3-0""500 mm ., R2 8 9 4
R3 5 8 T
Total 15 21 16 52

- Depth totals 47 50 46 143
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explore the unexplained suggestion of H8rnig (1953) that
some measure of control might result from intensive inter-
row cultivation of swedes at the time when a large_
proportion of the midge population is in the pupal stage.
H8rnig may have been thinking merely of the possibility of
mechanical damage to pupae. But since moving the soil

changes the depth at which cocoons lie, the present

experiments show another way in which such cultivations
could be effective: it could bury many cocoons too deep
for successful emergence. It is also worth noting that
inter-row cultivation could be expected to have a severer

effect on the midge than on its parasite population.

1.2 Vertical distribution.

A restricted vertical distribution of adult activity
1s suggested from the field trapping results of 1959,
Adults were trapped on transparent glass slides (3% x 33
ineh) coated on both surfaces with a uniform thin layer of
a commercial tree-banding grease (so-called impaction
traps). Each trap had one pair of plates at each of four
heights above the ground - 12, 24, 36 and 48 inches. The
plates were collected at weekly intervals, scanned beneath
& bilnocular microscope and the number and sex of C.nasturtii
counted. The totals of females caught at each height for
each of 10 traps during 1959 are shown in Table 9A. Most
females (98 in 106) were caught at or below 24 inches. -



Table 9. Vertical distribution of adults

in the field, 1959 (Wheldon,
Naffertonsig.nasturtii

A - Females

Distance
above the Irap number Total Mean si*
Soil surface 1 2 3 4 5 6 7 835 9 10
12" 16 3 4 7 6 T 7 6 17 14 17 7.7 1.300
24" O 3 2 3 6 1 2 2 0 2 2l 2.1 0.548
36" O 2 1 0 1 1 O 0 1 o 6 0.6 0,221
48" O 0 1 0O 1 O O O 0 O© 2 0.2 0.134
Total per
traD 16 8 81014 9 9 8 8 16 106
¥ = Standard error of mean
Analysis of Variance
source of af oum of Mean
Variation squares sgquare F P
Between
heights ... 3 360.1 120.03 23.35 £ .00
Error ...... 36 185.0 5.14

Total 35 545.1



Table 9B. Vertical distribution of adults
" in the field, 1959 (Wheldon, Nafferton)

Digtance
above the
soll surface

12"
24"
36"
48"

Total per
trap

Source of
Variation

Between
heights ...

EXrror ......
Total

1
3
O
0
O

2
O
1
O
O

3
3
O
2
O

C.nasturtii

B ~ Males

Trap number

4 5 6 T 8
0 3 1 O 3
2 1 1 O O
O 0 1 0O O
O 0 O 1 O

Total IMean s=%*

9 10

0 4 17
1 1 T
O O 3
O 1 2

31 5 2 4 3 1 3 1 6 29

Analysis of Variance

df

3

39

sum of lMean
Squares Square

14.075 4.692
33.900 0.942

¥ = Standard error of mean

4.981

X

1.7 0.518
0.7 0.213
0.3 0.213
0.2 0.133

C .01



FIGURE 5.

The relationship between log. catch and
height above ground

(C.nasturtii totals from weekly trapping
data, W.Wheldon, 1959)
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The variation of catch with height was highly significant.
(V.R. = 23.35, with 3 and 16 df., p € .001). Results for
males (Table 9B) are similar, 24 in 29 being caught at or
below 24 inches. This variation was also significant
(V.R. = 4.98, with 3 and 36 d4f., p«<.0l).

The logarithm of total catch (males and females) is
plotted against height in Fig. 5. The apparent linear
relationship indicates that the decrease in catch with
increasing height is exponential.

It seems that for the most part activity is confined
within the canopy of the swede crop. |

1.3 Mating.
Most species of midge mate soon after emergence

(Barnes, 1956). For example, females of the raspberry
cane midge, Thomasiniana theobaldl Barnes, occasionally

mate before wing expansion is complete (within 2-5 minutes
of eclosion) (Pitcher, 1952).

The following observations concern the post-emergence

behaviour of C.nasturtii. Adults emerged in rearing tubes
at constant ftemperature, usually 20°¢. On eclosion both
Sexes run over the soil surface and up the tube sides to
‘rest on the under surface of the upper gauze cap. Here

their wings expand, the process being complete 2-5 minutes

after eclosion. Females then remain at the top of the

tube but males make erratic oscillatory flights with brief
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rests on the tube sides. Both sexes readily drink from

molst surfaces.
Immediately wing expansion was complete midges were

transferred to 2 x 1 inch glass observation tubes containing
% inch of moist sandg. Unless otherwise stated, observa-
tions were made in day-light at room temperature, (17—2000).

Copulation is brief (10-45 seconds) and is alwgys
preceded by a characteristic pattern of behaviour on the
part of the male. He alights within 2 cm. of his intended
mate but continues to vibrate his wings as if still in

flight. After a few moments hesitation he approaches the

female, still fluttering his wings, and mounts her, clasping

her thorax with his pro- and mesothoracic legs and the sides

of her abdomen with those of his metathorax. His abdomen
ig curved downwards and forwards to meet the extended
terminal segment of the ovipositor.

Males are not attracted to every female. Virgin
females less than about 6-8 hours o0ld, and previously
mated females, are completely ignored. The male usually
but not invariably perceives and mates with virgin females
more than 6-8 hours 0ld. Males released into tubes which
seconds earlier contained such females occasionally
reacted as if the females were still present. This
suggests that females produce a chemical attractant some

time after emergence which is perceived and which

!
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stimulates a strong mating urge in the male. Males may

copulate with several females in quick succession. In a

period of 10 minutes, one male mated with four virgin

females (12-24 hours o0ld), the duration of the successive

matings being 15, 19 13 and 11 seconds. The fertility of

such matings has not been tested.

Five observations of mating were made in the field;
these were seen by chance in the course of other work.
On three of the five occasions pairs were found in copula,
two on the soil surface and one on the under surface of a
swede leaf. In each case copulation continued for 5-10

seconds. After mating, the male took flight and was lost

but the female remained in situ for a further 10 minutes

when observation was discontinued. On the remaining two

occasions the male perceived the female while he was flying,
alighted near her and reacted just as he was seen to do in
the observation tubes. Copulation lasted 21 and 39 seconds
in each case. The males flew off immediately after
copulation but the females remained at rest. After 15
minutes, in each case, I disturbed the female by tapping

the leaf. One took flight and was lost at once. The

other made a short flight to the under surface of a nearby

leaf (about 18 inches distant). Here she remained, quite

inactive apart from an occasional protrusion and retraction

or the ovipositor, until observation was discontinued (a
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further 15 minutes).

1.4 Oviposition.

Oviposition on the swede plant was observed in field

and laboratory. The female remains inactive for 1l-2 hours

after copulation and during this time the ovipositor is
alternately extended.and_retracted, this being the only
visible sign.of movement. The onset of egg-laying is
sudden. The female makes short, dancing flights in among
the foliage of the sﬁedes. On encountering a suitable
site for eggs, such as the young "heart" leaves of the
plant growing point; of the unopened flower bud, she

becomes most excited and walks up and down testing the

cuticle surface with the extended valvular tip of the

ovipositor. The eggs are always laid on the surface and
nearly always within the folds of the younger leaves or
well down into the unopened flower bud. To this end, the
long sinuous ovipositor is inserted deep into the crevices
and the eggs are extruded, one at a time, down the narrow
vagina. The abdomen pulsates, rhythmically during
oviposition and it is likely that this alternate latéral
expansion and contraction of the abdomen assists the
passage 01 eggs through the ovipositor. The eggs are
deposited in batches held together and firmly attached to
the plant cuticle by means of a thin "cement" layer. This

layer prevents the eggs from being washed away by rain
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droplets; even a powerful water jet failed to remove all
the eggs from the growing point of a young swede plant.

A female has several bouts of egg-laying and each bout
lasts 2-30 minutes. In one l1O0-minute bout observed in the
field, over 50 eggs were laid. The female seems to
regtrict her oviposition to a few neighbouring plants,
depositing several batches on one plant before flying to
the next. The result of this behaviogr is seen in the
digtribution of galled swedes in a field (see Section 3.6).

As mentioned above the female of C.nasturtii mates

6-8 hours after emergence and begins to lay eggs sometime

after mating. The oviposition pattern was investigated

as follows: 54 females and 34 males (emerged at 20°C. in
the dark) were released at 0900 hours, (i.e., within 12
hours of emergence) into a cage containing ten swede plants.
The cage walls were of glass (upper, front and rear) and
terylene mesh (two sides) and the rear wall was placed
next to an east-facing window. Throughout the experiment
the cage interior received day-light and varied in
temperature between 18 and 21°¢. After 24 hours (i.e.,
at 0900 hours the next day) the ten plants were removed
from the cage to a greenhouse and replaced with ten others
of equal size and vigourl Despite precautions one or two

of the more active males may have escaped from the cage

during the transfer. The second group of plants were
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removed from the cage at 0900 hours the following day and
placed in the greenhouse. By this time most males and

some females had died.

This experiment gave the females opportunity to mate
and lay eggs over two consecutive 24-hour periods (Day 1

and Day 2), and the totals of eggs laid in each period

would be reflected in the totals of larvae developing on
the two groups of swedes. After several days, three of
the first group of ten plants (Day 1) and five of the
second (Day 2) developed leaf galls. The larvae from
each infested plant were washed from their galls on to
fine nylon gauze and counted. Results are shown in Table

10, More eggs had been laid on Day 2 (369 larvae
resulting) than on Day 1 (157 larvae). Clearly C.nasturtii
differs from C.triticii and S.mosellana (see Barnes, 1932).
In the latter two species, the female not only mates and

begins egg-laying within a few minutes of emergence but

also completes oviposition in Day 1.

1.5 Productivit fecundity and fertility.

For convenience, the terms productivity, fecundity

and fertility are defined as follows:-

Productivity = number of mature eggs manufactured.
Fecundity .. = number of eggs laid.

Fertility .. = number of fertile eggs laidg.



Table 10. Comparison of numbers of eggs laid on
the first and second day after adult
emergence (C.nasturtii)

Egg numbers reflected in larval numbers.

No. of

No. of Larvae
plants
plants attacked recovered
Day 1 10 3 157
Day 2 10 5 369

Table 11l. Number of eggs produced by

C.nasturtil
Type of female Number TMezgégumber Range Standard error
disgected per female of the mean
Non-diapause . 50 93.4 38-134 3.11
Diapauﬁe o 0 9 5 0 50 96!7 36-141 2-98

Total eceeeoeeo 100 95.1



1.51 Productivity.

The teneral female (less than two hours o0ld) has
two compact ovaries containing many small immature eggs and

she has a considerable amount of fat-body in the abdomen.

Twelve hours later many eggs are mature and the fat-body 1is

much diminished.

To estimate productivity, females were maintained in

obgservation tubes at 20°¢. for 24 hours after emergence.
They were then dissected in water under a microscope
(magnification X10), At this time the fat-body is practi-

cally exhausted and each ovary is neatly packed with mature

egLS . The latter were separated for counting partly by
squeezing the ovary gently (which caused some eggs to slip
through the exit leading to the uterus), and partly by

teasing the ovarian membrane (which released the remaining

eggs ). Results of 100 dissections (Table 11) show that an

average female manufactures about 95 mature eggs. There

was no significant difference between the mean productiv-

ities of females developing from diapause and non-diapause

larvae. The combined data for 100 females are shown as a

frequency histogram in Fig. 6. The distribution appears

to be slightly negatively skewed. This departure from

normality, if significant, could arise from discounting

immature eggs. The females with fewer eggs may not have

L. s TN PRCY- . au IV TR
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FIGURE 6.

Frequency histogram showing the number of eggs
produced by C.nasturtiil

(100 dissections of females more than
24 hrs. o0ld)
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1.52 Fecundity.

Unfortunately no data on fecundity are availlable.
Although females may be induced to oviposit on swedes OT
other hosts, estimation of fecundity is hampered by the
very small size, fragility and adhesiveness of the egg.
The latter property causes the egg to stick to the plant
cuticle and to other adjacent eggs in the batch. It is

usually impossible to count the eggs in situ, and any

attempt at separating them mechanically from one another
invariably results in most of them disintergrating and
becoming unrecognizable. Fecundity will be mentioned

again in Section 1.54 (below).

1.53 Fertility.
The asggegsment of fertility given here is a byh

product of the study of the incubation period at five
constant temperatures (see Section 2.2). It is based on
small batches or parts of batches of eggs which could be
counted because they happened to be arranged symmetrically.
These particular batches formed an unknown proportion of
the tota; oviposition of an unknown number of experimental
females. They were selected within two hours of being
lajd. The data are shown in Table 16. From a total of
410 eggs, 344 hatched. Assuming all eggs not hatching to
be infertile, this represents a fertility of 83.9%. This

agssumption is obviously dubious. Some of the eggs that
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did not hatch might well have been fertile, and this is
certainly suggested by the differences in proportions
hatching at different temperatures: 59%, T9%, 87%, 94%
and T3% at 100, 150, 20°, 250 and 30°C. respectively

(Y2 = 22.75, af = 4, p 4.001). It seems likely that our
data under-estimate fertility. At all events, they
suggest that fertility is quite high in C.nasturtii.

l.54 Progeny per female.

The number of progeny per female is the result
of (a) productivity, (b) fecundity, (c) fertility and (d)
mortality between fertilization and enumeration of the
progeny.

An attempt was made to estimate larval progeny (first
and second-instars) of 35 females under certain experi-
mental conditions. Each female was released with one or
more males into a cylindrical muslin cage (length 9 in.,
diam. 6 in.) covering the foliage of a swede plant growing
in a 4-inch diameter plant pot. The cages were kept in
day-light at room temperature (17-20°C.) and inspected
daily. Detailed observation of each female was not
possible but the following points were noted: many females
(16 in 35) rested continually at the top of the cage; two
females were observed in copula and three were seen laying
€g8s. VWhen the female could no longer be detected (even

after disturbing the foliage), the cage was removed and the
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plant and soil surface searched. 1f found she was either
dead or nearly so, and she was dissected for egg content.
The plant was then removed to a greenhouse. Eventually
(about three days after removal) 7 out of the 35 plants
developed leaf galls and the larvae (first and second-

instars) from each galled plant were washed on to fine

nylon gauze and counted.

Results are shown in Table 12. Seven females had
oviposited. The mean number of larval progeny per female
was 78.7 (range 19-111). Only five of these females were
recovered and they had a mean residual egg-content of 15.2
(range 1-46) after death. The data suggest that the
number of progeny per female increases with length of adult
life. For example, the female on Plant 2 produced 19
progeny, retained 46 eggs and lived for only two days,
while the female on Plant 3 laid nearly all of its eggs
(111 out of 112) and lived for five days.

Stokes (1953a) carried out similar experiments showing
that C.nasturtii reproduces by means of unisexual families,
il.e., the progeny of one female are all of one sex. This
reproductive phenomenon was generally confirmed in the |
present work (see Section 3.6) except for one instance when
a larva collected from a galled plant in September, 1959
developed into a gynandromorph. The adult head was that

of a male, with typical bi-nodsl antennal segments, but the



Table 12, Number of progeny (lst and 2nd instar
larvae) per female C.nasturtii

Plant Larvae Mature
number recovered eggs
1 91 4
2 19 46
3 111 1
4 88 13
p 64 12
6 19 7
T 99 ?
Total 551 76

Mean number of progeny per female (n =
Mean number of eggs remaining ... (n

*¥*Standard error of the mean.

)
5)

Day

w NN

- female dissected



Table 13. Number of progeny (adults) per
female of C.nasturtii

(From Stokes, 19v32)

Parent midges Number and Sex of Progeny

Male Female Male Female
1 1 O T6
1 1 90 0
1 1 O 23
1 1 54 0
1 1 -0 35
1 1 53 O
1 1 0 25
2 1 O SN
1 2 O 20
1 2 31 O
2 2 0 49
1 2 0 65
2 4 0 102
2 2 0 66
1 2 O 45
Totals 228 573

801

Mean number of progeny per experiment (n = 15)
Mean number of progeny per female (n = 8) ....

¥Standard error of the mean.

53.4
53.0

1+ 1+
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remaining body, including the reproductive organs, was

female. Other larvae from the same plant produced both

normal male and female adults.

Stokes's results are shown in Table 13, and 1 have

used them to calculate the mean number of adult progeny

per female. In 8 of the 15 experiments a single female
was released over a host plant and the resulting progeny
reared to the adult stage in order to determine their sex.
In the remaining 7T expefiments,'more than one female was
involved (2-4) though the progeny resulting from each
experiment were all of one sex, suggesting that only one
female oviposited. However, disregarding these, the mean
number of adult progeny per female (in 8 experiments) was
53 ¥ 8.63, as compared with 79 I 11.4 for larval progeny
(in our 7 experiments).

The variances in all the experiments in this section
are comparatively large. Much larger samples would be
required to show what one expects ecologically, namely,
that productivity > fecundity %> fertility > larval progeny
> adult progeny.

1.6 Length of adult life.

The effect of temperature on length of life was
investigated. Adults were isolated within 12 hours of
eclosion in observation tubes containing % inch of moist

sand, and kept at one of the following temperatures °c.
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10, 15, 20, 25 and 30, in the dark. They were examined
every 24 hours and the number of deaths noted; +the sand

was re-moistened at each inspection. Results show that
females live longer than males at all temperatures and that
the life-span of both sexes decreases with increasing
temperature (Table 14). These results agree with those

of H8rnig (1953). When adequate moisture is available

temperature speeds up the rate of metabolism with a con-
gsequent increase in the rate of depletion of food reserves:
adults apparently do not feed though they readily drink
from moist surfaces., The experiment was repeated with
adults isolated in observation tubes without moist sand,
l.e., water was withheld, at three temperatures, 100, 15°
and 20°C. The life-span of both sexes was shorter at all
temperatures than in the preceding experiment but its
decrease with increasing temperature was still apparent
(Table 15).

In these experiments mating, oviposition and to some
extent flight, were precluded. In the field, it may be
assumed that the life-span is shortened by these activities
(as it was in the laboratory, see Section 1.54). Catas-
trophic factors including predators, mechanical damage by
rain drops or adhesion to wet surfaces must further reduce
the mean length of life. However, observations of adult

behaviour indicate that both sexes restrict their activities
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8-10
10-12
12-14
14-16

Totals 24 47

Table 14. Duration of adult life at

different constant temperatures

(with water) C.nasturtii

Schedule of deaths¥*
Temperature .

10 15 20 25 30
4 1 6 1 4 3 16 13 19 11
9 5 10 4 8 7 10 19 4 9
T 3 5 14 T 15 1l 6 - 2
3 7 1 17 1 10 1 3 - 1
1 10 3 23 3 8 - 5 - -
-1 -1 1 5 = - - -
- 9 - - - - 5 - - - -
- 1 - 1 —- - - e e -

25 T1 24 53 28 46 23 23

¥Males on left, females on right.

Table 15. Duration of adult life at
different constant temperatures

(without water) C.nasturtii

Schedule of deaths*

(éigs) Temperature °c.
10 15 20
O-1 3 4 11 O 12 7
1-2 10 9 12 14 6 14
2=3 2 G 310 - 1
3-4 1 1 - 1 - -
4-5 - - - - - -
Total 16 22 26 33 18 22

*Males on left, females on right.
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to within the leaf canopy of the swedes (see Sections 1.2,
1.3 and 1.4). There, humidity is higher and temperature
usually lower than outside the canopy, and the leaves also
provide shelter from rain and possibily to some extent Ifrom

predation.

In general then, the leaf canopy provides a favourable
environment for adult life. An exception to this occurred
in July, 1960. After a brief heavy shower of rain at 1500
hours on 29th July, numerous females (normales were seen)
were observed struggling on the surfaces of small pools of

water which bad collected on the leaves and in the leaf

axils of the swedes. Occasionally the trapped female
escaped the water-surface and continued ovipositing. It
was impossible to estimate the proportion of trapped to
active females; all that can be said is that the adult
population (peak of adult Gen. II) was abundant, every other

plant concealing one or more females. After a brief search

(15 minutes) eight live females were collected from various

pools and dissected. In order of magnitude their residual

egg-contents were 4, 14, 19, 29, 34, 42, 57 and 91 (mean

36.3). In the laboratory, males are frequently trapped on

the moist sides of their container, o0ld females (over 2-3
days) less frequently and young females (0-2 days) least of
all. In the field, it appears that females of all age

groups are equally sw=eptible to drowning in showery

weather.  Admittedly, the sample taken was small, but
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"spent", "half-spent" and a female with most eggs still to

lay are represented.
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2.1 General.

The mature unlaid egg is oval and contained in a
delicate smooth chorion. In reflected light the egg is
white and opaque but in transmitted light it is partly
translucent. At the posterior pole (the pole pointing
towards the ovarian exit to the uterus) it tapers abruptly
to form a fine and almbst straight appendage, the pedicel.

Dimensions of 614 mature unlaid eggs (mean and standard
error) were:-—

Length EEEREEEEERE -— 0137
Width Y EEEREEEEREE = 0-09

Length of pedicel = 0,10

0.06 mm. (range 0.25-0.41)
0-01'mm4 (range 0-06-0:11)
0002 mni . (range 0-06-0115)-

1+ 1+ 1+

These values are slightly larger than those given by
Olombel (1931) which are:- 0.27 x 0.08 mm. with pedidel

0.06 mm.; but Olombel does not indicate whether his

measurements are means or whether they refer to laid or

unlaid eggs.
The egg batches on the plant cuticle are just visible
to the naked eye as whitish protruberances of the cuticle-

surface. Eggs in a batch adhere together and to the

cuticle by means of a thin glutinous "cement" layer which

is secreted during oviposition. The "cement" is insoluble

in water. Several authors state that there are 5-20 eggs

per batch but in the present work batches with from 2 to

more than 50 eggs were recovered from field ang laboratory

plants. Eggs in small batches (2-20) are easily counted
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as they ére neétly arranged, side by sidei with their
longitudinal axes parallel and‘pointing in the same
direction. Larger batches have no such uniformity; the
eggs appear to fuse together forming a dense disorganized
masg, and only surface eggs are distinct. The "fusion"
appears to be due to large amounts of the secretory
"cement" substance.

The same factors which hampered eétimation of
fecundity (Section 1.54) hampered field sampling for eggs.
However, feeding larvae remain near the site where they
hatch and so the distribution of eggs is reflected in the
distribution of feeding larvae (see Section 3.6).

N

.2 Incubation period.

On several occasions an unknown proportion of eggs

from an unknown number of experimental fema;es were washed
from infested swedes within two hours of being laid,
collected on fine gauze and transferred to water.  Single
eggs and symmetrical batches were selected for ease of
counting. These were placed under water in watch glasses
and incubated in the dark at the following constant temp-
eratures °C.: 10, 15, 20, 25 and 30. When hatching began
watch glasses were inspected every 8 hours (200, 25° and
30°C.) or 12 hours (100 and 1500.), and first-instar larvae

counted and removed. Eggs and larvae were handled with a

fine glass pipette.
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Results are shown in Table 16. Clearly the incuba-
tion period varies inversely with temperature, being
shortest at 30°C. (26 hours) and longest at 10°C. (260
hours). The mean incubation period (hours) and its
reciprocal multiplied by 100 (= "average percent. develop-
ment per hour") are plotted against temperature in Fig. 7
and free-hand curves drawn through the points. The curves
in Pig. 7 are typical of insects generally. Davidson
(1942, 1944) proposed that the relation between rate of
development and temperature might be expressed as the
logistic equation

1 = K
Y 8 - DX

l + e
where Y represents time required to complete development

at temperature x (usually in degrees centigrade); a, b

and X are constants; K defines the upper asymptote towards
which the curve is trending; b defines the slope of the
curve; and a relative to b fixes its position along the

x axis. But ‘on statistical analyses of his own and
Davidson's best data, Browning (1952a) found that, although
the observed points appeared to conform closely to the cal-
culated curve, in fact they deviated significantly from the
curve. However, Browning, among others, still maintains
that from an ecological point of view the logistic curve

still remains the most faithful representation of the trend

in rate of development of insects (all stages) under




Table 16. Development of the egg at
constant temperature (C.nasturtii)

Mean
Number Number

Temp. °c. of eggs of eggs incgzﬁgéon Range S*

incubated hatched hrs. )
10 X 2.0 29 17 260.1 240-300 12.9
15 £ 2.0 94 78 144 .4 120-180 12.6
20 T 0.5 96 83 56.8 48-72 4.2
25 T 0.5 100 94 31.8 24-48 4.4
30 £ 0.5 91 72 26.1 18-42 3.0

410 344

Mean Viability = 83.9%

S*¥ = gtandard deviation



FIGURE 7.

Development of the egg of C.nasturtii
at different constant temperatures

Open circles: average percentage development
pexr hour.

Closed circles: mean incubation period (hours).
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changing temperature conditions. Browning's paper shows
that even a relatively simple process such as development
of the egg can not be truly represented by a mathematical

formula.

Hornig (1953) states that the eggs of C.nasturtii
hatch after 5-6 days at 18-1900. and 12-14 days at 10°¢.
Fig. T gives the mean incubation period at 18-1900. as T0-
80 hours (2.9-3.3 days) and at 10°C. as 260 hours (10.8
days). |Hornig's estimates therefore exceed ours by about
2 days. A reason for this discrepancy might have emerged
if Hornig had given details of his experimental method.
2.3 Effect of moisture on development.

The preceding experiments (Section 2.2) established
that eggs can develop and hatch efficiently while totally
immersed in water. Thus the percentages hatching under
water at 10°, 15°, 20°, 25° and 30°C. were 59, 79, 87, 94
and T3% respectively, and the over-all mean was 84% (Table
16). It remains to investigate the effect of different
relative humidities on eggs.

Four strips of epidermal tissue, bearing egg batches
laid over a period of about 4-6 hours, were removed from
experimentally infested swedes. Each strip was suspended

in one of the following relative humidities: 75%, 85%,
95% and 100%, at 20 Z 0.5°C. in the dark. These

humidities were maintained in desiccators (4-inch diameter)
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containing appropriate solutions of sulphuric acid (for
75, 85 and 95%), or distilled water (for 100%). Eggs

(i.e., the strips) were suspended about %-1 inch above the

liquid surface and inspected daily under a microscope
(strips being removed from desiccators for about 2 minutes
for this purpose). Briefly the results were as follows.
Eggs at 75% and 85% R.H. failed to develop; +those on
the outer surface of a batch collapsed after 24 hours and
those adjacent to the epidermis lost turgor after 48 hours.
The strip in 95% R.H. bore two batches, one with 5
and the other with 17 eggs. All eggs retained their
shape and lustre until the second day (48 hours) when 2 in
the first batch and 6 in the second lost turgor: the
latter eggs were furthest from the cuticle. After 72
hours the embryo was visible in some eggs and on the
following day (96 hours) all eggs remaining turgid in the
smaller batch and all but 3 in the larger batch had hatched.

The 3 unhatched eggs were white and opaque and showed no

sign of development. Thus at 954 R.H., 11 out of 22
(50%4) of eggs hatched.

The strip over distilled water bore a single large

batch containing about 50 eggs. After 72 hours about 45

eggs hatched leaving a cluster of translucent empty

"shells" surrounding one or two opaque 1nfertile eggs.

After hatching was finisheg 43 live first-instar were
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recovered from this desiccator.

Although the humidity conditions experienced by eggs
in batches on strips of épidermis*may be somewhat different
from those of the surrounding air, these experiments show
that eggs require saturated or near-saturated conditions
for development. In humidities which deviate from satura-

tion eggs on the batch surface are more susceptible %o

degiccation than those within the batch.

In the field, eggs are exposed to conditions of
humidity which vary according to their situation on the

plant. Most eggs are laid between the folds of the young
"heart" leaves and here conditions may be expected to be
continually saturated by reason of (a) plant transpiration

during the day and (b) the ambient 100% R.H. during the

night. Moreover, diurnal temperature fluctuations cause

repeated condensation of moisture in the form of small

droplets on the cuticle~surface, most evident in the early

morning but persisting throughout the day, even in warm

dry weather. Some eggs (a minority) are, however, laid

on the surfaces of older leaves, and here their survival
might be expected to depend on (a) batech situation in

relation to ambient conditions (wind, humidity, tempera-

ture) and (b) position within the batch.



SECTION 3. THE FEEDING LARVA.
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3.1 Hatching, feeding and development of gall.

The larva hatches from the anterior pole of the egg
into an environment characterized by (a) abundant food,
(b) high humidity and (c) a variable degree of protection
from rainfall. As will be seen later, most larvae hatch
on the surfaces of the compact "heart" leaves of the swede
where humidities are near-saturated (see Section 2.3) and
where the probability of being washed away by rainfall 1is
very snall; few hatch on older, less crinkled and thus
more exposed leaf surfaces. Thus, after hatching
C.nasturtii generally runs much less risk of desiccation
or of being swept away than, say, the hessian fly,

Mayetiola destructor Sayer, a gall-midge of wheat

(Triticum). The latter has to journey a considerable

distance on the exposed upper surface of the wheat leaf.

before it reaches its feeding site, the wheat stem

(M%colloch and Yuasa, 1917).

Feeding begins as soon as the larva crawls from the

egg. 1t has two well-developed salivary glands, one down

each side of its body. The secretions of these glands

dissolve the wax cuticle and "liquefy" underlying cells

of the surrounding plant surface. From hatching to the

final stadium the larva is immersed in a watery fluid

consisting of cell contents, salivary secretions and



~38-

excretory products. This fluid is ingested into the
alimentary tract for assimilation.

Larvae feed gregariously (eggs being laid in batches)
causing destruction to considerable surface areas of hos?¥
tissue. Bacteria and fungl were never observed invading
occupied larval galls (although empty galls are invariably
invaded) and it seems probable that larvae produce
bactericidal and fungicidal agencies during the feeding

phase.

The range of hosts infested by C.nasturtii is exten-

give (Stokes, 1953a) but the reaction of each host to
infestation is similar. Leaves grow by cell extension,
the ultimate leaf form being determined by the growth
rates of its constituent cells. Feeding larvae destroy
cells on one surface of the leaf (upper or lower) but
surrounding cells, including those on the opposite surface
continue to expand. Consequently larvae are gradually
enclosed in the bases of U-shaped folds of the leaf
surface. The degree of distortion produced depends
partly on the number and distribution of larvae and
partly on the growth rates of undamaged cells. Numbers
of larvae and cell growth rate tend to be maximal in
young leaves and minimal in old leaves. Thus larvae

feeding on the young "heart" leaves of the host induce

severe leaf distortion ("Central shoot Gall") whereas the
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few larvae on o0ld leaves induce only slight leaf distor-
tion ("Outer Leaf Gall"). Outer leaf galls are usually
less frequent and always less obvious than central'shoot
galls. Flower and leaf-bud galls also occur. Eggs are
laid within the young buds and larvae feed on the surround-
ing meristematic tissues. Galled buds remain closed and

abortive.

3.2 Growth rate.
A single swede plant bearing eggs laid over the
previous 24 hours was kept in daylight at room temperature

(18-2100.) and inspected daily. On the day hatching
began (Day 1) and on each subsequent day (until Day 10),

5 randomly selected larvae were removed and immersed in
water (at 2000.). This immersion gradually caused their
activity to cease (after about 2 days) and then the fully
extended length of each was measured. Results are shown
graphically in Fig. 8. Initially (Day 1-3) increase in
length is slow suggesting that larvae take some time to
'establish thelr feeding-milieu on the host. Growth is
most rapid between the third and sixth day (from 0.5-1.7

mm,) and this corresponds approximately with the second

stadium.  Growth stops at about 2.0 mm. (Day 8-10).

The first mature larva vacated the plant on Day 10.
3.3 Larval stadia.

M8hn (1955) has studied the morphology and texonomy
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FIGURE O.

Growth rate of feeding larva at
room temperature (18-2100.)

Mean denoted by dot, and twice its standard
error by vertical line through dot (n = 5)

I-IV denote larval stadia

Arrow indicates commencement of larval
migration from plant to soil
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of mature (final-instar) larvaze of cecidomyids but pre-
ceding stadia have received little attention. Metcalfe
(1933) briefly describes four larval stadia of Dasyneura
leguninicola Lint.  Pitcher (1952) states that T.theobaldi
has only three stadia but does not describe themn. so far,
no author has ventured an opinion as to the number of
larval stadia in C.nasturtii.
Field collections of feeding larvae of C.nasturtii
occasionally contained individuals, varying considerabdbly
in size, actually in the process of moulting (the larval
exuvium being still attached to the posterior segments of
the body). This suggested the éxistence of séveral
stadia in larval development. In the preceding growth
experiment (Section 3.2), larvae in each age-group (i.e.,
Day 1, Day 2 ..... Day 10) were therefore examined under
high magnification. This established that four stadia
apparently occur, each of about 2 days duration at 18-21°¢.
The newly hatched larva is extremely small and translucent.
Its cuticle i1s smooth and laterally placed spiracles occur
on segments 4-1l inclusive. Subsequent stadia (II-IV)
have an additional pair of gpiracles on the first "pro-
thoracic" segment, as well as numerous transverse rows of
ninute cuticular denticles on the ventral anterior margin

of each segment. The third stadium differs from the
second only in that the faint outline of the sternal

spatula (an obvious feature of Instar IV) can just be
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discerned. The internal organs of the second and third
stadia are clearly visible between the laterally accumula-
ting fat-body. The fourth-instar contains a solid mass
of yellow fat-body which completely masks its internal

organs. On the ventral surface of segments I and II it

also has the pigmented sternal spatula or "breastbone', a
structure common to most mature gall-midge larvae. In
C.nasturtii (as in other Contarinia spp.) the anterior

section of the sternal spatula is bi-lobed.

3.4 Speed of development at constant temperature.
Three swede plants, each in a 4-inch diameter pot,

were infested naturally with eggs over an 8~hour period

and then kept in the dark (in an incubator) at constant

temperatures, respectively 150, 20° and 2500. The pots

were inspected daily. In each case, when larvae were

almost mature, the plant was removed from the pot and its

roots washed free of soil. 1t was then placed in a large

beaker containing about l-inch of water and returned to
the incubator. Although the treatment caused abnormal
plant growth (leaves became yellow and coarse textured),

larvae matured, vacated the plant and were trapped in the

water beloWw.  Numbers of larvae (in water) were recorded

daily. The duration of the larval feeding phase at each
temperature was estimated by subtracting the pean egg in-

cubation period (see Section 2.2, Table 16) from the mean



Table 17. Speed of development of feeding

larva at constant temperature,
C.nasturtii

Mean duration Number of
ngp. Method* of larval stage %igge) larvae

‘ (days) IS recovered
15 A 28 24-32 63
B 27 24-29 29
20 A 11 10-14 94
B 11 10-12 14
25 A 1 6-9 50
B T 6-8 T

¥Method A - Reared from eggs;
accounted for.

Method B - Reared from first-instar larvae.

incubation period of egg
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FIGURE 9.

of development of feeding larva
at constant temperature
(C.nasturtii)

average percentage development
per day.

mean duration of feeding larval
stage (days).
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time elapsing between oviposition and plant vacation.
Results are shown in Table 17 (Method A). As one expects,
the duration of the feeding period is longest and most
variable at 1500., the mean being 28 days (range 24-32),
and shortest and least variable at 2500.,'mean 7T days
(6-9). ,

In a second experiment (Table 17, Method B), the pro-

cedure -was identical in every respect except one, namely,

‘the swede plants were artificiaily infested and not with
eggs but with newly hatched larvae. These larvae were
introduced in droplets of water. The results from Method
B are practically the same as from lMethod A.

Results from llethods A and B combined are shown
graphically in Fig. 9. Among others, H8rnig (1953), from
field observations, suggested that rate of development

varies inversely with temperature. Fig. 9 confirms this

and shows that the relation is linear, at least between
15° ana 25°c.
3.5 Speed of development in the field.

Previous estimates of the duration of the larval
feeding period in the field vary between 7-9 days (Frick-
hinger, 1943) and 25-30 days (H8rnig, 1953), depending on
local and seasonal weather conditions. For example,
H8rnig (1953) states that the feeding period lasted 10-12
days in July (Generation I), 12-14 days in August



; ) J ‘ ! ¥ Lo BF o B Lt SN
Y A AF T N ] o Abap Attt ¢ .8 '!'...‘r'ﬁ[_alfl..-"".._._
e et L Lt o N T e e B 4

wk T thﬂﬁﬂr;mhMmm

-4 3=

(Generation II) and 25-30 days in September (Generation
III) of 1952 (observations in Schleswig-Holstein). 1t

may be seen in Section 3.4, Fig. 9, that the range of

feeding period durations given by Hbrnig (10-30 days)

would occur at constant temperatures between about 140 and
22°¢.

On days between 1l4th June and 2nd July 1959, females
of Generation 1 were observed apparently ovipositing on
the central shoot leaves of several healthy swede plants
in West Wheldqn field (Fig. 10). Eleven of these plants

were tagged and examined daily. Larvae hatched on nine

of the eleven plants (see Table 18). Primary symptoms of

attack (CI) were seen after 4-7 days as slight distortion

and liquefaction of young leaf surfaces. These primary

symptoms probably result from larvae that have hatched on

the preceding day. Plants showed moderate crumple leaf,

C2 (an arbitrary classifaction) after from 7-14 days, and

finally, after 13-18 days, eight plants were chssified as
having severe central shoot galls (C3).

lligration of larvae from plant to soil began 3-4 days
after C3 symptoms were recorded, and was followed by
surrounding the base of each plant with a square sheet of

black cardboard (48 x 48 inch) coated on its upper surface

with a layer of tree-banding grease. Nearby plants were

uprooted so as not to interfere with results. Each sheet



Table 18. Development of the feeding larva
in the field, C.nasturtii

swede plant
Day 1 2 3 4 5 6 T 8 9

14/6% 21/6 23/6 23/6 23/6 23/6 24/6 30/6 2/7 1959

O
1
2
3
4 -
5 CL**
6
7
8

9
10 C2

11

12

13

14 C3

15

16

17

18 3***
19 19

20 34

2l 30

22 3
23 -
24 -
25 ~
26 -
27 -
28 -

29
Total 89
Mean

Ql 11

C2

CJ3

-
| WO H®

46

Cl

C2

1l
1
1

13

Cl

C2

C3

7
33
6
6
1
5

58

Cl

C2

C3

-
| | whHW

45

Ql |1
fd

C2
C3

20
25
13

8
1

67

Cl

C2

C3

i

Cl

C2

Cl

C2

C3

1

14
15

g
16
1
1

o7

Tegmp. 17.0 16.1 16.1 16.1 16.1 16.1 16.0 17.5 18.0
C.

¥Oviposition dates.

¥** Symptoms of larval Cl, very slight crinkle of young

attack . leaves: eggs probably hatch
day previously.,

C2, moderate crumple leaf.

C3, severe distortion of leaves and
petioles.

..........

***Numbers of mature larvae leaving the plant.
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had a 2-inch diameter hole at the centre to accoé%date the
plant stem (not yet a bulb) and had to be slit from one
edge to the central hole in order to get it into position
on the soil surface. In addition each sheet was marked
out from the centre in a series of concentric circles
(radial increments of 3 inches), the innermost circle being
8 inches diameter (including the central hole). Sheets
were pléced in position when C3 symptoms were noted, i.e.
3-4 days before larvae matured. Larvae vacating their
galls adhered to the sheet surface where they fell and
numbers in each concentric belt were recorded. Daily
totals for each sheet (i.e. plant) are shown in Table 18.

Totals at various distances (belts) from the plant stem

are considered in Section 4.41.

Assuming that the feeding period commenced the day
before primary symptoms (CI) were noted and terminated the
day larvae vacated thé plant, the mean duration of the
feeding period varied between 16 and 19 days. The mean
shade air temperature in which each plant's larval popula-
tion developed (see Table 18) was calculated from thermo-
graph charts, continuous records being made in a screen
situated about 500 yards to the north of the study area.
Larvae on plants 2-7 inclusive developed in almost the
same mean ambient temperatures (16.000-), eggs being laid

on these plants between 21st and 24th June. Larvae on
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plants 1, 8 and 9 developed in ambient mean temperatures
of 17.0°C., 17.5°C. and 18.0°C. respectively. Results in
Table 19 suggest that the duration of the larval feeding
phase at field temperature fluctuating with a mean x°C. is
the same as at constant temperature x°c. This seems to

be at variance with Uvarov (1931, p. 68) who says:

"It is too early to attempt to draw any definite
conclusions from the evidence ..... One point,

however, is beyond dispute, namely that fluctuations
in temperature are not without effect on the rate of
development. This effect is often positive, parti-
cularly when a favourable temperature alternates with
a lower one below the zero of development (but not

low enough to be injurious), while an alternation with
high temperature is usually harmful. In any case,

the impossibizity of using average temperatures in the
exact estimation of the influence of actual weather

conditions on the development of insects is abundantly
clear".

But if fluctuation does not encompass temperatures outside
the range where the rate/constant temperature relation is
linear, there would be no difference between duration at

fluctuating temperature with mean x°C. and at constant

temperature x°C. (cp. Sanderson, 1908; Andrewartha & Birch,
1954 ). This may be the explanation of results in Table 1§
because the above-mentioned range is at least 15-25°C. (see
Fig. 9) while temperatures in the field never exceeded 2500.

and seldom descended very far below 15°C. (observed limit
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Table 19. Duration of feeding larval stage at

constant and field temperatures
(C.nasturtii)

Observed mean

Mean field .. %ion (and

tempggﬁture ?ange) in
field (days)

16.0 19 (16-24)
17.0 17 (14-18)
17.5 17 (15-23)
18.0 16 (14-21)

Calculated* mean
duration at
constant
temperature**

(days)
22
18
16
15

*Calculated from Fig. 9, Section 3.4

**Constant temperature equal to mean field

temperature.

Difference
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3.6 Spatial distribution.
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In the past, distributional studies of C.nasturtii
have been limited to estimation of percentage infestation
of various cultivated host plants over fairly extensive
areas (Damage Surveys). Results show generally what one
expects ecologically, namely, that infestation is highest
in areas containing the highest density of the most sus-
ceptible host plant. The following paragraphs show results
from an intensive though restricted investigation at
Nafferton dur}ng 1957-1960, dealing with distribution and
sugsceptibility of wild and cultivated hosts, and distribu-

tion of feeding larvae on one host, the swede.

3.6l Distribution among wild host plants.

Stokes (1953a,b) established partly by experiment
and partly by collection, that C.nasturtii occurs on about
100 species of Cruciferae. Several wild host species in-
cluded in Stokes's list were common weeds at Nafferton,

growing in arable fields, pasture and hedgerows. In

particular, charlock (Brassica sinapistrum Boiss.), hedge-

mustard (Sisymbrium officinale (L.) Scop.) and wild radish
(Raphanus raphanistrum L.) were almost ubiquitous. These

species were frequently examined for signs of midge damage
(leaf or flower-bud galls) during the 1958, 1959 and 1960

seasons, with wholly negative results. In addition the
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following quantitative estimate of distribution and sus-
ceptibility of charlock was made in July 1959. Three

sites A, B and C were sampled (shown in Fig. 10).

A. Middleton field of spring wheat (1958 swedes)
B, West Wheldon field of swedes
C. West Wheldon, northern field-side of hedgerow.

At each of these gites five random area-samples were pegged
out and numbers of charlock counted. Results are shown 1in
Table 20. None of these plants was galled. At this time
10% of swedes in West Wheldon field (Sites B and C) contained
feeding larvae*. Soil samples showed (Section 6.3) that
adult midges (Generation I) actually emerged in Middleton
where larvae from the 1958 population had overwintered (Site
A; 0.318 charlock per sq.yd.), migrated to West Wheldon
(Sites B and C, 0.156 and 1.34 charlock per sq.yd. respec-
tively) to infest 10% of the swede crop there. The complete
absence of galled charlock, particularly in Site A, where
midges emerged and where there were no alternative host
swedes, strongly suggests that (contrary to Stokes) char-
lock is not always infested in fields where C.nasturtii is

present. In this connection it is interesting to note

that Taylor (1912) and Dry (1915) hold that the alleged

*Full details of swede infestation and density in
Sections 3.632 angd 6.2.
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FIGURE 10.

Plan of part of Nafferton farm showing swede
areas of 1958, 1959 and 1960.

Areas A, B and C sampled for charlock.

S, _gv Stratification oféMiddleton swede Crop,
195 »

CéS, centric systematic area-sample units in
W.Wheldon swede crop, 1959.
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Table 20. Distribution of charlock

(B.sinapistrum, Boiss.)

Total
Mean

Density
per

ag./yd.

at Nagferton, 1959.

Number of plants per sample*

Area A

23
48

17
34
37

159
31.8

0.318

Area B

11
19

29
.6

13
73
15.6

. 0.156

Area C

7
15
14
21
10

67
13.4

1.34

¥*Sample Unit - for A and B, 10 x 10 yards.

for C approx. 10 x 1 yards.
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wild hosts of C.nasturtii are infrequently galled, even
when adjacent swedes are heavily attacked. They both
conclude that wild host plants are of little importance in

the economy of C.nasturtii.

3.62 Distribution among cultivated host plants.
According to Stokes (1953a,b) most cultivated

Cruciferae are hosts of C.nasturtii and reports of infesta-
tion of swedes, cauliflowers, savoys and various rapes are
frequent in the literature. Cultivated hosts belong to

three species of the genus Brassica

(a) B.Napus ........ swede and swede-like rapes.

(b) B.oleracea «se..0 Cabbage, cauliflower, savoy and
marrowstem kale.

(c) B.Rapa +........ turnip and turnip-like rapes.
Some of these plants were grown in a variety denmonstration
plot at Cockle Park, Northumberland, in 1958. Each plant
in this small garden plot (12 x 6 yards) was inspected in
August of that year and numbers and approximate positions
of galled plants noted (see Fig. 11). Swede (all
varieties), thousand-head kale, hungry-gap kale and rape
(swede-like) were attacked, about 20% of plants containing
feeding larvae (Generation II). Turnip (all varieties),
marrowstem kale and kohl rabi were not attacked. Clearly,

C.nasturtii had practised definite host selection during

oviposition.



FIGURE 1l1.

Plan of variety demonstration plot of
cultivated crucifers at Cockle Park
Northumberland, showing
approximate positions of plants galled (X)
by C.nasturtii
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General observations at Nafferton indicated that
gimilar host plant preferences occur, turnip being rarely
galled and marrowstem kale never galled, even though
adjacent swedes were (or had been) attacked. Plant counts
made in July (Generation I) and August (Generation II) of
1959, when midge numbers were relatively high, confirm that
striking differences in host susceptibility occur. Rowed
crops of swede, turnip and marrowstem kale and a broadcast
mixture containing a swede-like rape, were grown in West
Wheldon as shown in Fig. 12. On each of the two sampling
occasions (i.e. at Gen. I and at Gen. II) ten sample-units
of 50 plants from each crop were inspected and numbers

galled noted. For row crops, samples were taken at a

random point in a randomly selected row; for rape, samples
included the nearest 50 plants to each of ten randomly
chosen points. Results are shown in Table 21. In the
first generation, 10.6% of swedes, 7.4% of rape and 1.6% of
turnips were galled. In the second generation infestation
levels were much higher being 40% of swedes, 35.6% of rape

and 3.0% of turnips. Marrowstem kale was not attacked in

either of the two generations. Density of swedes, turnips

and marrowstem kale was fairly uniform (4-1l1l plants per sq.

yd.) but that of rape (broadecast) was much higher (10-30

plants per sq. yd.). Unfortunately, as numbers of larvae

per infested plant were determined for swedes only (see
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FIGURE 12.

Plan of West Wheldon showing
arrangement of cruciferous

crops (1959).

C3S: systematic area-sample units

(24 in all)
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Table 21. Frequency of infestation of
Tour cultivated crucifers by

C.nasturtii

Number of plants attacked
per sampling unit

Host and
Generation 1 2 3 4 5 6 T 8 9 10 total
Swedes GI O 011 7 O 114 5 9 6 53
GITI 16 21 19 13 31 ©6 24 24 34 14 202
Turnips GI o 0 0 01 3 0 2 1 1 8
GII 4 3 O O O 7T 1 O O O 15
Rape GI O 0 0 8 4 1 4 713 O 37
GII 11 21 23 29 19 14 6 15 29 11 178
Marrow
stem GL O 0 0 0 0o 0 0o O O o 0
kale GILI O 0 0 0 0 0 0 0 0O O O

/0
attack
10.6
40.4

1.6
3.0

T.4
35.6

*Sample consists of 10 wunits of 50 plants each in

Generation I (GI) and also in Generation II

(GII) of C.nasturtii.
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Section 3.632), it was not possible to estimate larval

numbers per unit area for each crop. However, general

observation showed that infested plants of rape and turnip
contained considerably fewer larvae than those of the
swede.

Finally, in June (Generation I) and August (Generation
II) of 1960, percentages of galled plants in East Wheldon :
(Fig. 10) were, swede 24% and T4%, and turnip 2% and 5%: %

marrowstem kale remained completely free from attack.

p— . = _ 7 L

S ——— T

3.63 Distribution of feeding larvae in the swede crop.
3.631

Distribution of galled swedes.

The distribution of potential host swedes is
fixed at the beginning of the midge season (June) by

mechanical and/or hand-singling operations. As midge

numbers increase (from Generation I-III), the numbers of

galled plants naturally also increase.

In 1958 the Nafferton swede crop was in Middleton field

and there were no alternative hosts growing on the land

immediately surrounding it. The crop was divided into six

equal strata (see Fig. 10 Middleton, S1-6). At intervals

during the summer, five random sample-units, each of 20

adjacent plants, were examined in each stratum and numbers

of galled swedes counted. Total galled plants per stratum

(100 plants) for each sample (600 plants) are shown in

Table 22. Generally, infestation levels were low, being



Table 22. Total number of galled swedes in
each of six strata of the 1958 crop.

Date
Date Strata Totals
1 3 4 6
July 1 O O O O 1
July 18 O 1 2 1 S
Aug., 26 4 2 12 6 38
Sept. 23 2 2 b 4 22
Oct. 28 1 o, 1 1 5
Totals 7 20 5 21 10 12 75
Analysis of variance
source of af sum of Mean
variation squares square
Sampling
occasion .. 4 30.33 7.58
Strata eeee.. 5 8.86 1.77
Interaction . 20 9.51 0.48
Error ceeeees 120 46 .80 0.39

95.5

F p

1914 <l001
4.5 < .001
1.22 ¢ .01
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about 0.2% in Generation I (July) and 6.3% in Generation

III (August-September). Degpite this, however, it was
possible to demonstrate significant differences of infesta-
tion levels in samples (time) and in strata (space).
Analysis of variance (Table 22) shows that the 'Between
Strata' variation was highly significant (V.R. = 4.5, with

5 and 120 d4f., p€.001). Positions of the strata (S1-6)
are shown in Fig. 10. Only one plant of the lst July
sample was galled - this being from S2 (in north-east
corner) but by the end of August infestation had spread

over the whole field. That infestation became heaviest

in 82 and S4 and lightest in S1 and S3 is probably explained
by the fact that the prevailing S.W. winds tended to inhibit

adult dispersal in the westerly direction. At any rate the

results suggested that galled swedes do not occur over the
swede crop at random and this suggestion obviously had to

be investigated more fully in the 1959 swede crop which was

grown in W.Wheldon. The investigation was made in two

wys, (a) and (b).

(a) Enumerated strip.

A section of the 1959 crop was carefully singled

by hand in early June to leave (as nearly as possible) one

plant per foot of row. Later, when the first larval

generation had reached its peak (July 1-7) a narrow strip



FIGURE 13.

Spatial distribution of galled swede plants
(Generation I, 1959) in strip
section of W.Wheldon field

(see Pig. 12)
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of this section was pegged out across the drills (Fig. 12).
The strip was about 5 yards in width (i.e., 15 evenly

spaced plants) and extended over 50 rows. Fig. 13 shows the
positions of healthy, galled and missing plants to scale.

The strip contained 703 plants of which 77 were galled.

Inspection of the Figure suggests (i) that galled plants
occur in clusters (i.e. tend to be aggregated) and (ii) that

nunbers of galled plants increase near the western margin of
the field (see histogram). 'Nearest neighbour' analysis
(Clark and Evans, 1954)'confirms suggestion (i) because
R,/R, = 0.7854 (p<0.001), R, being the actual mean distance
between galled plants and'ﬁE the theoretical mean distance
expected from random distribution. Concerning (ii) above,
taking each row as a replicate with 5 rows per 'treatment’
(there being ten 'treatments’', respectively Rows 1-5, 6-10,
ceeee 46=50), an analysis of variance shows that there is
a significant increase in numbers galled with decreasing
distance from the western field margin (Row 1 is W, Row 50
is E), V.R. = 2.51, with 9 and ééb df., p< .05.

Thus, in Generation I of 1959, galled plants were

aggregated in clusters which were most frequent near to the

western field margin.

(b) Routine sampling.
Distribution of galled swedes in the 1959 cCrop

was studied further, using a centric systematic area-sample
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which foF shethshcal purposes may loe tealad ar ramdonn | 5e2
Z%ilne, 1959). After singling was completed but before
Generation I adults emerged, the crop was divided into 24
equal squares (25 x 25 yards) and a group of 30 plants at
the centre of each square individually tagged for subsequent
routine inspection. The arrangement of the sample is shown
in Fig. 12. Numbers of galled plants in each unit at peaks
of larval generations I, II and III are shown in Table 23.
The sample is regarded as being in two strata; West (next
to hedge) and East (next to marrowstem kale) with 12 units
per stratum (i.e. 360 plants per stratum; 720 plants per
sample). Analysis of variance shows a highly significant
increase in numbers of galled plants with time (generations)
which is to be expected, but shows no difference between
infestation of the two strata (V.R. = 2.78, with 1 and 66
df., p = 0.1). However, when generations are considered
geparately, "t"-tests show that significantly higher numbers
of galled swedes occur in the western stratum in Generation
I (Ew - EE = 1.9 galled plants; +t = 4.0, df = 22, p < .001)
though not in Generations II and III. Thus, the second
suggestion (ii) of method (a) above is independently con-
firmed, namely that galled plants are more frequent to the
western side of the crop in Generation I. Obviously this
difference is gradually ironed out as the season progresses
(cp. strata totals for generations I, II angd 111).

Increased percentage attack of swedes and other hosts



Table 23. Number of galled swedes per
sample unit* during 1959
(W.Wheldon)

(#30 plants per sample unit)

Generation 1 11 III
Strata West East West East West East
2 3 14 19 29 27
2 5 19 14 29 27
2 2 11 12 25 28
4 1 15 12 26 26
5 O 12 12 23 28
4 O 17 12 26 22
4 1 11 10 27 28
3 1 16 T 21 23
6 1 11 8 25 23
4 O 11 10 26 28
5 O 11 11 27 29
3 5 10 14 28 28
Strata Totals 44 22 158 141 312 317

Analzsis of variance

Sou?ce of af Sum of Mean B D
variation Squares square

Generations . 2 6568.9 3284.5 571.2 <.001
Strata «..... 1 16.0 16.0 2.78 = 0.1
Interaction . 2 117.2 58.6 10.2 <« .001
Error ....... 66 379.2 5.75

Total seeeeee Tl T7081.3
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near field margins has already been noticed {Thomas, 1946;
H8rnig, 1953), but no reference to aggregation can be found.
Both phenomena probably result from adult dispersal and
oviposition behaviour. As swedes (as well as other host
crops) are rarely grown in the same field two years in
succession (these crops being included in a four or more
year rotation) midges of Generation I emerge in a non-host
crop, usually a cereal, and have to travel varying distances
to reach their hosts. On "discovering" these, the females
alight and proceed to oviposit on plants in their vicinity
(see Section 1.4). The 1959 crop (W.Wheldon) was situated
about 500 yards to the east of Middleton (see Fig. 10) where
a midge population had accumulated in 1958. More migrant
females from Middleton would "discover" and alight on swedes
in the western area of W.Whéidon (i.e. nearest to Middleton)
than on swedes further to the east and this may be the ex-
planation for the observed change in infestation levels
across the drills (highest in West lowest in East).
3.632 Distribution of larvae on galled swedes.
Mean numbers of larvae per galled swede were
estimated at intervals during 1958, 1959 and 1960. 1In
1958, galled swedes observed in the stratified samples and
others were retained separately in polythene bags and ret-
urned to the laboratory. Larvae were washed from the

plants and counted. Only ten galled plants were retained
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for inspection when samples yielded more than this number.

As plants in the 1959 systematic sample-units were not to

be removed (these plants were tagged for routine observation)
numbers of larvae per galled plant in that year were esti-
mated from a random selection of galled plants collected
over the whole crop (units and surrounding plants excluded).
Numbers of plants examined varied between 6 and 20 according
to population levels and time available for counting.

Larvae were either washed from their galls (as in 1958) or

allowed to mature and leave the plant naturally (for method

gee Section 3.4) for counting. A similar procedure was
used in 1960 (Generations I and II only).

Numbers of larvae per galled swede (mean and standard
error) and percentage crop attack (mean percentage of swedes
galled and 95% fiducial limits) are shown in Table 24.
Results show that numbers of larvae per galled plant were

considerably higher in 1959 (144.8 larvae) and 1960 (98.6
larvae, Gen. I and II only) than in 1958 (15.5 larvae).

But more interesting than this is the positive correlation
between percentage crop attack and number of larvae per
galled plant. This is shown graphically in Fig. 14. In
1958 plant infestation increased from 0.2% (Gen. I) to 6.3%
(Gen. IITI) and numbers of larvae per galled plant remained
fairly constant (about 10-20). In 1959, however, infesta-

tion levels and associated numbers of larvae per galled



Table 24. Number of larvae per galled swede
(C.nasturtii) and percentage of

swedes galled

Percentage
Number Mean larvae attack
Date of per plant sz 95% fiducial
1358 plants X Ilean limits
July 1 1 14.0 -
18 9 18.8 234 0.2 0-0.5
Aug‘ 15 4. 14—.3 6-37 105 0-7"2-3
19 4 48.5 17.771
26 10 14-9 2#47 6-3 4-6"'8-0
Sept. 2 8 222 4.51
5 10 17.6 4.46
12 10 20.4 4.70
16 10 16.4 3.69
19 10 11.4 2.19
23 10 9.9 2.31 3.7 2e1=5.3
26 10 11.8 2. 70
30 10 12.0 3.94
OCtn 3 3 3"7 0-67
10 [ 5.0 1.05
14 5 11.6 5.55
17 > 12.4 3.46
21 2 22.0 3.00
23 3 18.7 T.27
28 3 1147 5-04 018 011—115
31 1 33.0 -
Mean for 1958 (n = 13%) = 15.5 larvae per plant
1959
July 7 13 17.1 3.92
T 11 24 .3 3.23 9.2 7.0-11.4
28 8 9314 16135 41-'5 37-2"45-8
Aug. 25 10 216.0 39.95
Sept. 1 10 275.5 45.11
17 10 86.6 15.57
Oct. 1 6 9.8 2.39
Mean for 1959 (n = 88) = 144.8 larvae per plant
1960
June 28 10 51.1 8.46 24.6 17.3-31.9
Aug, 6 5 193.6 54.23 T74.0

Mean for 1960 (n

= 15) = 98.6 larvae per plant

*s=, standard error of mean.




FIGURE 14.

Relation between percentage swede attack
and mean number of feeding larvae
per infested plant
(C.nasturtii)

Points represent mean values:

+ 1958, Middleton.
O 1959’ W. Wheldon.
¢ 1960, E.Wheldon.
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plant for Generations I, II and III were respectively
9.2% (24.3 larvae), 41.5% (93.4 larvae) and 87.4% (283.4
larvae). The intermediate values observed in 1960, i.e.
24.6% (51.1 larvae) and T74.0% (193.6 larvae) for Genera-
tions 1 and II respectively confirm the relation.

Results show what one more or less expects, namely,
that when midge nunbers increase in an area of constant
food supply (i.e. number of swedes), numbers of larvae per
galled plant also increase. When 100%4 of swedes are
galled, numbers of larvae per plant continue to increase
until the death of the plant and its larval population
supervenes. The maximum holding capacity of the swede
(i.e. the point towards which Fig. 14 trends) will vary
with its size and vigour, being least in June (when midge
numbers are low) and most in late August (when midge
numbers are high). Intraspecific competition among feed-

ing larvae (gg;the same swede) for food may be invoked at

extremely high population levels but its effect is likely

to be forestalled by the death of the swede, this causing
the death of its larval population. Several galled plants
of thef}959 and 1960 samples contained from 800-1200 larvae
but although these plants were severely galled, none was
anywnere near to death. Clearly, leaf tissues of one swede

provide adequately for the successful growth and development

of a very large number of larvae.
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The effect of swede density on numbers of larvae per
galled plant was investigated during Generation I 1959
(W.VWheldon). Several short drills at the western (hedge-
side) margin of the field were purposely left unsingled
(20-30 plants per sq. yd.) during the first generation
attack. These rows and adjacent singled ones (5.0 plants
per sq. yd.) were sampled at random at the peak of the first
larval generation to estimate mean numbers of larvae per
galled swede. Thirteen galled swedes from unsingled and

11 from singled rows were taken and results are included in
Table 24 (7th July, 1959). There was no significant
difference between the two sample means (24.3-17.1l = T.2
larvae per plant; t = 1.7, 4f = 22, p > 0.1) but larger
samples might have confirmed the suggestion that numbers of
larvae per galled plant increase with decreasing plant
density.

Until now no one has noticed the important fact that
the average number of larvae per galled swede increases as
the percentage of swedes galled)increases. Previous
authors have invariably estimated larval populations in

the field on the basis of (a) percentage of swedes galled

and (b) a fairly constant and low infestation rate per

galled swede (10-50 larvae). Obviously many of their

estimates must be unreliable. In fact, the rate of

population increase (of feeding larvae) in any particular
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year is likely to be far more rapid than has hitherto been

realised. More will be said of this in Section 6.

As was previously mentioned, larvae from some galled
swedes (those collected during Gen. II, 1959 and Gen. I,
1960) were allowed to vacate their hosts naturally before
being counted. They were then placed in standard rearing
tubes containing moist soil. The number and sex of adult
midges developing from each plant's larval population,
together with other details, are given in Table 25.
Clearly, although the over-all sex ratio is nearly unity
(see totals), the sex ratio for individual plants is
extremely variable. The latter is to be expected since
(a) C.nasturtii reproduces by uni-sexual families (see
Section 1.5) and (b) the larval population of the indivi-

dual swede can arise either from male-producing or from

female-producing parents or from both. Again, since
numbers of larvae per galled swede increase as the percent-
age of swedes galled increases, one would expect that a
plant has less chance of being infested by only one female

(i.e. with larvae all of one sex) at high field population
(i.e. high percentage swede attack) than at low population.

This is confirmed by the following tabulation of data taken
from Tables 24 and 25:




Table 25. Sex ratio on individual galled swedes
- (C.nasturtii)

Plant Larvae per Adults

plant Parasites Diapause

reared Larveae
J& 392
Y 19 - 14 - )
b 88 16 16 _ >
d 49 22 20 ) L
Gen. 1 e 75 < 44 - 1
1960 £ 17 - %% - -
n 20 - 10 _ -
n 54 19 4 _ ]
J 43 29 - 3 -
Total 511 126 140 3 5
3 17 14 1 - _
L 47 45 - ~ -
Gen. II n 139 39 5 2 4
2293 171 28 117 15 -
> 24 - 36 45 2 3
Total 145 306 299 £0 17



swedes with one sex of

: - Percentage . i +h
Time swede attack larva%O%hsgzizz Wit
Gen. I, 1960 25% 5 ¢+ 5
Gen. II, 1959 42% 1 ¢ 7T

Note: Here galled swedes were taken at random over the
field.

It was shown in Section 3.631 that swedes galled by
the first generation tend to be aggregated in clusters and
it was suggested that each cluster of galled swedes might
well result from oviposition by a single fémale. If this
were true (unfortunately it was not tgsted) larvae from all
the galled swedes of a single cluster would be of one sex

only. That is, the sexes of C.nasturtii would tend to be
segregated in small isolated patches of the swede crop in
Generation 1. But segregation would tend to disappear as
population gradually spread over the whole field in Genera-
tions II and III, and this in itself might well accelerate

increase because the sexes would meet more readily.

3.7 Effect of infestation on the swede.

Larvae of C.nasturtii reduce the photosynthetic

efficiency of the swede directly by destroying cells and
indirectly by causing abnormal growth. In addition, 1t
1s alleged that 'secondary' bacterial and fungal diseases
often follow galling, particularly in wet years (Leefmans,
1938). Walton (1927) and Davies (1931), however, could

demonstrate no correlation between midge attack and



occurrence of 'secondary!' diseases.

‘Mlany neck' is a condition of the swede often attri-
buted to galling, though any agency which destroys the
central shoot may cause this. 'Many neck' plants usually,
but not invariably, develop a small mis-shapen bulb with a
hollowed crown which is particularly susceptible to bacterial
or fungal infection. The centric systematic sample of 1959
(W.Wheldon) provided an opportunity to study the effect on
swedes of galling in Generations I, II and IIXI. Swedes 1in

the sampling units were inspected at intervals during the

summer and individual bulb weights were recorded (to the
nearest 0.25 1b.) in October. of thé 720 swedes examined
(30 in each of 24 sampling units), 89 (12.4%) were 'many
necked' in October. Of these, 22 came from a total of 66
which had been galled by Gen. I larvae and the remaining 67
had either been galled by Generations II and III or not
galled at all. Comparing 'many neck' frequency among (A)
swedes galled by Gen. I and (B) swedes not galled by Gen. I,
1t is found that frequency is significantly higher in (A),
')(2 = 29.4, p<.00l. This result confirms the generally
acceplted view that swedes are more likely to become 'many
necked' if galled at an early stage of growth (i.e. in July
by Gen. I).

Thomas (1946) states that galled swedes with high

larval numbers are more likely to become 'many necked‘
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than those with few larvae - his data are reproduced belows:

Larvae per swedes % of swedes subsequently
swede examined with 'many neck'
4-T 42 \.. e
8-12 61 14
13-16 35 42
16 53 58

Thomas does not mention the size of swedes or the generation
of larvae involved in his counts. Numbers of larvae per
galled swede during all generations of 1959 were much higher
than this (over-all mean = 144.8, see Table 24) when only
about 15% of plants galledTwere 'many necked'. This
suggests that Thomas either (a) underestimated numbers of
larvae per galled swede or (b) neglected to consider some
other factor causing 'many neck' which may have acted with
increasing intensity as numbers of larvae per galled swede
increased. At any rate it seems probabl?y that a complex
relation between galling and subsequent production of 'many
neck' exists, in which size and growth rate of the swede and
number and position of feeding larvae are involved.

Mean buldb weights of healthy and/or lightly infested
swedes and of swedes with )Central Shoot Galls' (i.e.
severely infested) in one or any combination of Generations
I, II and III, 1959 are arranged from highest to lowest in
Table 26 (groups A-H). Bulb weights of plants with 'Outer

Leaf Galls' are included in the 'unattacked! group (A) as



Table 26. Bulb weights of swedes from the

centric systematic sample
(W.Wheldon, 1959)

Mean. bulb
. Number ; - _
Group "Plant history" of swedes we%%%g X Sz
D Galled* by G.III only ... 410 3.56 0.10
A 'Unattacked'*¥* ,..cccce0se 130 3.35 0.20
¥ Galled by G.I and G.III 22 3.26 0.44
B Galled by G.T only .ecoee 8 3.00 0.95
n, = 570
G Galled by G.II and G.III 99 2.87 0.19
C Galled by G.II only ..... 45 2.44 0.25
H Galled by G.I, II and 111 5 1.95 0.44
E Galled by G.I and G.I1 .. 1 0.25 -
n, = 150
*Galled - refers to 'Central Shoot Gall'.
**'Unattacked' - includes swedes with 'Outer Leaf Galls'.
Analysis of Variance
(excluding group E)
Source of af Sum of Mean ¥
Variation squares square P
Between groups 6 89.3 14.88 3.03 £ .0l
Within groups
(error) .... T12 3507.1 4.92

Total 718 3596.4
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this type of damage would have a negligible effect on

yield. Anaijsis of variance (excluding group E which has
only one plant) shows that the variation between group

means is highly significant (V.R. = 3.03, with 6 and 712

if., p<.0l). Inspection of Table 26 suggests that the
group means tend to fall into two classes, i.e. those from
swedes galled by Gen. II (alone or in combination) - groups
G, C, H and E (n2 = 150), and those from swedes not galled
by Gen. II (but galled by Gen. I and III or unattacked) -

D, A, F and B (n1 = 570). A 'f-test' shows that the
difference between the two class means (3.49-2.69) is highly
significant (t = 3.94, 4f = 718, p 4.001) and this represents
a reduction of between 0.45 and 1.15 1bs. (5% fiducial
limits) in the mean bulb weight of swedes galled by Gen. II.

A 'multiple range test' may be used to evaluate the
significance of differences of means which are unequally
replicated (Duncan, 1955; 1957). The difference between
two ranked means is significant if it exceeds a 'shoftest
significant range', Rp, which is calculated from the error
variance (from analysis of variance) and a value p, taken
from Duncan's tables of the "significant studentized range’.
The test groups means which are not significantly different
from one another into subsets and any two means not in the

same subset are significantly different. However, the

complete test (Duncan, 1957) makes allowance for testing




differences within a subset, the maximum difference of ;

which does not exceed the adjusted value. For example,

the difference between the highest (group D, n = 410) and
the lowest (group E, n = 1) mean bulb weight is not signi-
ficant so that D AF B G C HE is a subset. Using the
complete test it is permissible to test inter-subset
differences and this was done with the following result:
(DAFBHE) (GC)
Any two means not appearing together within the same brackets
are significantly different. Any two means appearing
together within the same brackets are not significantly
different. Thus, apart from the inclusion of groups H and
E (with only 5 and 1 replicates respectively) into the
first subset (i.e. with group means of swedes not attacked
by Gen. II), results agree with those of the 't-test!',
namely, that the mean bdbulb weights of swedes severely galled
in Generation II were significantly less than those of
swedes not so galled. Ssevere galling in Gen. I, as well
as sometimes causing abnormal growth (see correlation
between Gen. I attack with 'many neck') probably also
reduces the final buldb weight, but too few weights were
available to show this. Severe galling by Gen. III larvae
alone had no effect on final buldb yield (group D) and this

was expected as galling occurred towards the end of the

growing season (September) when plants had already nearly



reached their maximum size.

Apart from general observations on associations between
midge attack, many neck and 'secondary' diseases, previous
authors give little information on the effect of infestation
on swede growth and yield. Results above naturally only
apply to the 1959 season, at Nafferton, a very dry year,
when the incidence of secondary buld rot was low. No

attempt was made to correlate bulb :rot with infestation by

C.nasturtii.
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4.1 General.

a—

Previous authors, most of whom apparently accept
Taylor's (1912) results, state that the mature larva
vacates its gall, burrows into the upper 0-4 inch layer of
soil and there constructs a spherical cocoon. Inside the
cocoon the larva either (a) pupates almost at once (non-
diapause larva) or (b) delays pupation until the following
spring (diapause larva). Without direct proof, Bovien
and XKnudsen (1950) suspected what has recently been shown
by Young et al (1954) for S.mosellana, namely that the

overwintering larva may vacate its first cocoon in spring

and pupate in a second cocoon near the soil surface. The
proportion of diapause larvae increases towards the end of-
summer and is highest (100%) in Generation III (Bovien &
Knudsen, 1950; HBrnig, 1953) but nothing is known of the

factors inducing or terminating diapause. H8rnig (1953),
among others, suggests that midge 'outbreaks' are likely
to occur if the weather is warm and the soil moist when
most of the population is in the soil. This suggestion
is based partly on the results of his studies of midge
abundance in relation to local weather and soil type, and
partly on his observation that both larvae and pupae died

in 'dry' sand. Clearly, H8rnig's suggestion deserves

further investigation.



4.2 Non-diapause larva.

4,21 Speed of development at constant temperature.
Mature larvae, which were laboratory reared or
came from Gens. I and II in the field and which had vacated

their galls naturally, were pipetted into glass rearing

tubes containing l-inch of moist soil. Tubes were kept at

one of the following constant temperatures: 120, 150, 20°

25°. 30° and 32.5°C.

’

All larvae burrowed into the soil at

once and many constructed oval elongate cocoons just below

the surface of the soil. oome of these cocoons were

visible through the tube walls. Inside the cocoons the

larvae moulted and pupated. When fully-developed, pupae

burst out of their cocoons on to the soil surface where

adults emerged (see also Section 1.1). Numbers and sex of

adults were recorded each day until emergence ceased. The
mean time spent in the soil varied inversely with tempera-

ture (Table 27 and Fig. 15), being about 34 days at 12°¢.

and 8 days at 30°c. Pupae developing at 32.500. died just

prior to or during eclosion. At all temperatures below

30°C. the mean duration for the male was significantly

shorter than that for the female; i.e. on the average,

males emerged 12-24 hours before females (Table 27). The
rate curve (i.e. 'average percentage development per day',

regardless of sex, Fig. 15) appears to be almost linear

0
between 12 and 3000. It should be noted that this curve




Table 27. Speed of development of the mature
1arva (non-diapause) to adult stage at

constant temperature, (C.nasturtii).

Mean
Temp. Number ) "
5¢ Sex  ggults %ngz;g?’ sZ* LN
12 o Male 43 33.7  0.165  3.49 £.001
" Female 78 34.5 0.143
15 £ 2 Male 60 25.6 0.110 2.98 . .01
" Female ST 26.0 0.082
20 £ 0.5 Male 85 13,2 0.062 5.67 <.001
" Female gl 13.7 0.070
25 ¥ 0.5 Male 61 10.1 0.072 5.07 < .00l
" Female 87 10.6 0.083
30 £ 0.5 1lale 19 7.9 0. 329 1.91 > .05,
" Female 46 8.5 0.234 Z .1
32.5 T 0.2 Pupae die, 7.0 - - -

*Si = gtandard error of the mean.

**p, significance of the difference between the mean
durations of development for the sexes.



FIGURE 15.

Speed of development of the mature larva
(non-diapause) to adult stage at

constant temperature,
(C.nasturtii)

O : Average percentage devebpment

: Mean duration (days).

+ ¢ Pupae died on soil surface.
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" .involved not one (as in Figs. 7 and 9) bdbut thfee phases
:of development, namely, (a) cocoon construction, (b)
pupation and (c) emergence, eachlof which may have a
different rate/temperature coefficient. Normally phase

(b) lasts about 26 days, phase (a) about 36 hours and phase

(¢) only a few minutes.

4.22 Speed of development in the field.

On six occasions during 1959 batches of mature

larvae were recovered from galled swedes which were

collected at random in W.Wheldon. Several days after each

collection date, larvae were assigned at random to rearing
tubes (20 larvae per tube; 5 tubes per collection) which
were soaked, drained and immediately sunk in W.Wheldon so

that the level of the so0il surface inside each tube was

the same as that outside (i.e. larvae would pupate at their

natural depth). Thereafter tubes were examined 2-4 times
per week and numbers of emerging adults noted. Usually it
was pogsible to ascertain the day on which most adults
emerged ('peak emergence') from their body colour and
activity. For each larval batch, time spent in the soil

up to peak emergence and mean field temperature during this
time are shown in Table 28.

The weekly mean temperature experienced by larvae
during their sojourn in the soil was estimated with a

temperature integrator (MacFadyan, 1956) by placing the

- Lrmcapr s i piderey GRE R TR T T
-



Table 28. Duration of development from mature
larval to adult stage at constant and
field temperatures

(C.nasturtii)

Date of  Duration Mean field calculated?
peak adult in field tempgrature constant temp. %
emergence (days) C. (aaye) )
26th July 17 18.5 16
18th Aug. 18 17.5 18
19th Sept. 22 15.0 25
14th Oct. 2T 13.5 28

3rd Nov, 35 12.0 36

¥*Calculated from Fig. 15, Section 4.21.

¥¥Constant temperature equal to mean field temperature.
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‘bead' of one thermistor (thé present author's instrument
included three thermistor circuits) in the upper %4-inch
layer of the soil of a blank rearing tube. The integrated
mean temperature recorded was accurate to * 0.1%. and gave
s, very close estimate of the true mean temperature (see
MacFadyan, 1956).

Results in Table 28 suggest that duration of develop-
ment at field temperatures fluctuating with mean x°C. is

almost the same as duration at constant temperature x°C.

(ep. results for duration of feeding larval stage, Sections
3.4 and 3.5).

4.23 Effect of soil-moisture on development.
4.231 Laboratory experiments.

Series A. Extremes o0f soil-moisture

Larvae ;mmersed.in.water do not develop though they
may survive for several months providing the water is
frequently aerated. This property was often used to
accumulate large numbers of larvae for rearing experiments.
Further, no development occurs in saturated soil or in
petri-dishes containing saturated filter-paper. However,
as soon as larvae are transferred from excessively wet
conditions into moist soil, they construct oval cocoons and
pupate almost at once.

It seems probable that 'wet' conditions prevent cocoon

construction which apparently is necessary for successful
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pupation.

Larvae do not pupate in ‘'dry' socil, though they may
attempt and sometimes complete cocoons. These cocoons
differ in size, shape and texture from those in which
pupation occurs. To demonstrate this, two series of
rearing tubes, M and D, were prepared with l-inch of soil
from a bulk of sieved light sandy loam taken from W.Wheldon
field (particle-size ¢ 2.0 mm.). Initially series M
contained moist soil (23.04)* and series D dry soil (8.0%).
There were 6 tubes in each series. Twenty larvae were

assigned at random to each tube; +these larvae came from

galled swedes in W.Wheldon on 27th August, 1959. Tubes
were Kept in the dark at 20°¢. After 7 days, the soil in

two tubes of the dry series (D2a,b) was moistened (i.e.

soaked and then drained), and the soil in two tubes of the
moist series (M2a,b) was dried (by passing dry air through
for 24 hours). After 12 days, the same treatments were
given respectively to tubes D3a,b and M3a,b. This left
two tubes from each series as controls, Dla,b and Mla,b.
All tubes were observed for a further 30 days when the soil

in each was examined. Results are shown in Table 29 and

*Moisture expressed as percentage of dry weight.



Fig- l6l

Clearly, no emergence occurred in the dry controls (D1)
whereas moistening of the dry soil after 7 (D2) and 12 (D3)
days caused some larvae to pupate, midge emergence commenc-
ing respectively 7 and 12 days later than in the moist
controls (M1). It is interesting to note that parasite
emergence (Synopeas sp. B) was also delayed in D2 and D3 as
compaiedwith their emergence in Ml. Emergence (midge and
parasite) in tubes M2 and M3 was not delayed. This was
expected because the soil in these tubes was initially
moist and thus would not induce larval quiescence. However,
emergence in these tubes was reduced because drying affer 7

and 12 days caused some pupal death (Fig. 16).
Larvae remaining in the soil were either infspherical

cocoons or 'naked’. Those from tubes D2, D3, M1, M2 and
M3 (R = 13, 12, 11, 16 and 12 respectively) were all in
diapause but those in D1 (R = 39) were either quiescent or
in diapause. This was clearly demonstrated when larval
cocoons were immersed in water; about 30 larvae from Dl
vacated their cocoons immediately whereas all cocoons from
the other treatments remained intact.

Another striking observation was the occurrence of
almost equal numbers of two types of empty cocoons,
spherical and elongate, in the soil of tubes D2 and D3.
Obviously in dry soil larvae had first formed spherical



Table 29. Development of mature larvae in
Wdry" and "moist" soil (C.nasturtii)

Tregtment®  SOULUS Parasites Larvae
emerged  emerged . recovered
DLy, : N 19
D2} ; 2 !
U R
S
gt
LS : ; !

Total
recovered

(R)
39

13
12
11

16

12

*See text and Fig. 16 for details of treatﬁents.



FIGURE 16.

Development of mature larvae in "Dry" (D1_3)
and "Moist" (M;_;) soil
(C.nasturtii)

One pair of tubes to each treatment,
20 larvae per tube.

Day of "moistening" or "drying" indicated by
ancarrow.

White columns represent total number of adults
of C.nasturtii emerging daily.

Black columns represent total number of para-
sites (Synopeas sp. B) emerging daily.

R denotes number of larvae recovered from
the soil at the end of the experiment.
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cocoons which they vacated when moisture became available
(i.e. after 7 or 12 days) and then constructed elongate
cocoons in which to pupate. Needless to say, only elon-
zate (i.e. pupal) cocoons were found in tubes in which

larval development was not delayed by dry conditions (M1,
M2 and M3).

Naturally survival of larvae in ‘'dry' soil depends on
their ability to withstand desiccation. In one experiment,
33 specimen tubes (3 x 1 inch) were prepared with l-inch of
dry sbil (particle-size.zh2.0 mm,, moisture content 8.7%

i.e. 'dry') and 20 mature larvae (reared on laboratory

swedes) were placed in each of 25 of these tubes. The
remaining 8 tubes contained no larvae ('blanks') and these
served to check moisture loss during the experiment. The
soil in 5 tubes with larvae was moistened (Controls) and
all tubes were tightly corked and kept in the dark at 20°C.
The number of adults emerging and the number of larvae
remaining in the controls after about 30 days gave an
estimate of the proportion of non-diapause to diapause
larvae in the original batch (Table 30, Control).

The tubes with dry soil were examined in groups of
five after 50, 100, 180 and 240 days when, as shown by two
'blanks' in each case, moisture had fallen from 8.7% to
5.8, 5.6, 5.5 and 5.4% respectively. No adults emerged

in the 'dry' tubes, but numbers of viable larvae present



Table 30. Survival of mature larvae
in "dry" soil (C.nasturtii)

Number of viable larvae

giggnﬁggz- recovered from each tube*
of expt. A A B C D E
50 days 19 16 19 19 18
100 days . 19 12 14 14 14
180 days 11 9 13 15 9
240 days 4 10 11 9
Control (moist) A B C D E
Adults emerged 3 5 T 2 T
Diapause larvae 13 13 9 12 5

Survival (i.e. a
totals) 16 18 16 14 12

*Tubes -~ A-E each started with 20 larvae

Analysis of Variance (exciﬁding-Control)

Source of af Sum of Mean F
Variation Squares Square
Between

durations 3 266.1 88.7 15.7
Error 16 90.2 5e6

Total 19 356.3

Total

91
13
5T
42
Total
24
52

£ .001
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are shown in Table 30. The latter results suggest that
larvae are able to survive ‘'dry' conditions of soil for

considerable periods: 91%, T3%, 57% and 42% survived after

50, 100, 180 and 240 days respectively. survival decreased

significantly with increased duration in dry soil (V.R.

15.7, with 3 and 16 df. p €< .001).

As before, larvae from dry soil were either cocooned
or 'naked'. Initially it was impossible to distinguish
between dead and viable larvae (whether cocooned or not) as
all larvae were more or less dehydrated and inactive. But
after three days immersion in water, healthy larvae regained
turgor and mobility whereas dead larvae decomposed. Thus,
it appears that larvae of C.nasturtii can withstand partial
dehydration without injury (cp. larvae of the chironomid,

Polypedilum vanderplanki Hint. which survive almost complete
dehydration (Hinton, 1960)).

Series B. Range of soil-moisture
Exvperiment 1.

The soil was a peaty clay from Prestwick Whins which
on mechanical analysis had the following composition:

Coarse sand «.eeceesees 1T7.T7%
Fine sand ® & & & » o 9 0 0 9 e 12.8%

Silt ® s 00000000000 oe " 1300%
Clay ® 09 00000 00RO O GO O 32.0%
Organic matter ....... 25.1%
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1t was sieved (to give a particle-sige € 2.0 mm.),
moistened in bulk to a point above the highest moisture
content desired and spread out on trays at room temperature
to dry slowly. Soils with three different moisture con-
tents were obtained by removing portions from the bulked
soil at the appropriate stages of drying and stpring*them
in air-tight Jars. To ensure uniform distribution.of
moisture, the stored portions were thoroughly shaken once

per day for a week{before detérmining-the actual moisture

content.‘

Twelve specimen tubes (3 x 1 inch) were prepared with
l1-inch of soil (4 tubes for each soil-moisture) and.ZQ
mature larvae assigned randomly to each. These larvae
were from a batch which had been collected in the field a
few days earlier (W.Wheldon, 29th July, 1959). Tubes were
corked, sealed with paraffinwax(to prevent moisture loss)

and kept in the dark at 20°¢. Numbers of adult midges and
parasites (ngopeas sp. B) emerging in each tube were

counted and after 40 days the soil in each tube was washed
through a 100-mesh sieve in order to determine numbers of
viable larvae ('free' and cocooned) and empty cocoons
(elongate and sphericsal).

Results in Tables 31 and 32 show clearly that numbers

of adults emerging increased with increasing soil-moisture;

totals for 42.6%, T70.9% and 95.1% moistures were respectively



Table 31. Development of mature larvae in
reIaEion to soil-moisture (C.nasturtii)

Soil:~ Peaty clay, Prestwick Whins.

Soil

Adults emerging* and larvae |
'?%igtﬁrﬁ remaining** per tube Total Survival
42.6 4 (14) 4 (15) 4 (15) 7 (13) 19 (57) 76
1 1 2

70.9 15 (3) 11 (4) 13 (7) 11 (2) 50 (16) 68

95.1 12 (6) 19 (1) 16 (1) 16 (2) 63 (10) 73

*Adult midges on left; adult parasites directly
above adult midges.

**¥Quiescent larvae in brackets.



Table 32. Analyses of Variance of data
in Table 31.

A. Variation in adult emergence.

Source of af sum of Mean

Variation squares Sgquare ¥ D
Between soll-

moistures 2 262+1"7 131.09 31.44 <.001
Error 9 37.50 4.L17
Total 11 299.67

B. Variation in numbers of quiescent larvae.

Source of af Ssum of Mean F
Variation Squares Square P
Between soil-

moistures 2 327.17 163.59 43,62 ¢.001
Error 9 33.75 3.75
Total 11 360.92

C. Variation in survival (midges + parasites + larvae).

Source of af Sum of Mean R
Variation squares Square P
Between soil-

moigstures 2 10.50 5.25 2.20 >0.1
Error 9 21.50 2.39

Total 11l 32.00
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19, 52 and 63 (V.R. = 31.4, with 2 and 9 df. p  .001), and
conversely, that numbers of quiescent larvae decreased with
increasing soil-moisture; totals for 42.6%, T70.9% and 95.1%
were 57, 16 and 10 respectively (V.R. = 43.6, p ¢ .001).
Soil-moisture had no significant effect on survival (i.e.

nmidges + parasites + larvae) (V.R. = 2.2, p > 0.1).
The number of empty elongate (pupal) cocoons found in

the soil-residue of each tube was almost the same as the
number of adults which emerged. Occasionally however, such
cocoons contained dead pupae.

Of the 57 larvae recovered from the lowest moisture
(42.6%), 46 were 'free' and 1l were in spherical cocoons.
Numbers of 'free! larvae to cocoons in the 70.9% and 95.1%
moistures were 3 ¢ 13 and O : 10 respectively. But soil-
residues ‘which contained 'free' larvae also had an equal
number of empty spherical @ocoons and this suggests that
some larvae (most in the driest soil) had constructed
spherical cocoons which they vacated as soon as the soilwas
washed at the end of the experiment.

Finally, the 'free! larvae and the larvae in spherical
cocoons at the end of the experiment were reared separately
in moist soil at 20°C.  Adults emerged after 12-18 days

from 'free' larvae but no emergence occurred among the

others. Clearly, 'free' larvae had been quiescent through
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1ack of moisture and the larvae in spherical cocoons were

quiescent through diapause.

Experiment 2.
The soil in this experiment was a light sandy loam

from Nafferton (W.Wheldon) with the following composition:

Coarse Sand sceceveses 23.6%
Fine sand eeecececceee 37.1%

Silt ® & & & & & ¢ & 5 O o O 9 O ® 11.0%

ClaY cecceococorsncees 22.0%
Organic matter ¢eeeee. 6.1%

Four specimen tubes were prepared for each of four
soil-moistures (7.9%, 14.9%, 21.6% and 31.4%) and 20 mature

larvae added at random to each. These were collected from

W.Wheldon on 29th August, 1959. Tubes were corked, sealed
and kept in the dark at 20°C.

Results agree nicely with those of the preceding

experiment in that most adults emerged and least larvae

remained quiescent at high soil-moistures (Tables 33 and 34).
Excluding results from the lowest soil-moisture (7.9%), in
which no emergence occurred, the effect of soil-moisture on

emergence was just significant (V.R. = 4.44, with 2 and 9

df., p£.05), but its effect on larval quiescence was highly

significant difference in survival (V.R. = 3.06, with 3 and
9 df., p>.05).



Table . Development of mature larvae in
reIaf%onhto soil-moisture (C.nasturtii)

S0oil:-~ Light sandy loam, Nafferton

Soil

: Adults emerging* and larvae : :
%%1gt$?§ remgigiﬁg*§ per tube Total  Survival
7.9 - (19) - (19) - (19) - (18) - (75) 75
14.9 11 (6) 16 (1) 14 (6) 10 (7) 51 (20) 71
| I | 1 .

21.6 15 (5) 15 (4) 13 (4) 15 (4) 58 (17) TT
1 1

31.4 15 (1) 16 (1) 17 (1) 16 (1) 64 (4) 69

*Adult midges on left: adult parasites directly
above adult midges.

*¥*¥Quiescent larvae inhbrqckets.t



Table 34. Analyses of Variance of data
in Table 33.

A. Variation in adult emergence (excluding lowest soil-
- moisture).

Source of af sum of Mean o D
- Variation sSquares Square
Between soll-
‘moistures 2 25.17 12.59 4.44 { .05
Error 9 25.50 2.83
Total 11 50.67

B. Variation in numbers of quiescent larvae (excluding
~ lowest soil-moisture).

Source of af Ssum of Mean 7 |
Variation squares Square p
Between soil- |

moistures 2 36.17 18.09 12.78 < .01
Error 9 12.75 1.42
Total 11 48.92

C. Variation in survival (midges + parasites + larvae)
(including lowest soil-moisture).

Source of af sum of Mean T
Variation squares sSquare P
Between soil-

moistures 3 10.00 3.33 3.06 >.05
Error 12 11.00 1.09

Total 15 21.00



On rearing the 'free' larvae and the larvae in

spherical cocoons, the same results were obtained as in

Experiment 1.

Experiment 3.

Eight specimen tubes were prepared for each of six

goil-moistures, three from the light sandy loam and three
from the peaty clay. Twenty larvae, which came from a
large batch collected in W.Wheldon (28th August, 1959) and
which had been in aerated water for about two weeks, were
agsigned at random to each tube, and all tubes were corked
and sealed as before.

Tubes for each soil-moisture were divided at random
into two groups of four, one group being kept at 15°C. and
the other at 2500., both in the dark. The soil in the
tubes was washed 30 days after 'peak emergence'. Naturally
the experiment lasted longer (by 16 days) at 1500. than at
25°¢.

Results in Tables 35 and 36 show what one now expects
from the two preceding experiments, namely that most adults
emerged and least larvae remained quiescent at high soil-
moisture, viz. for adults V.R. = 88.9, with 5 and 36 d4f.,
p¢.00l; and for quiescent larvae V.R. = 54.8, p «.001.
Similarly the effect of soil-moisture on survival was not

significant (V.R. = 1.01, p $0.2).

Temperature also caused significant amounts of



Table 35. Development of mature larvae in relation 4o soil-moisture and temperature.

(C.nasturtii)
Soil
Moisture Adults emerging* and larvae remaining** per tube
(% d.w.)
Sandy-loam 15° Total 250
1 1 1
6.8 1 (18) - (16) 1 (16) 1 (19) 3 (69) - (14) - (17) - (19) - (16)
2 2 4 1 1 2
12.4 11 (4) 8 (11) 6 (4) 9 (8) 34 (27) 13 (6) 12 (5) 12 (3) 12 (3)
1l 1 2 2
13.5 9 (4) 15 (2) 10 (7). 14 (1) 48 (14) 13 (2) 15 (3) 15 (1) 15 (4)
Peaty clay
1 | 1
31.2 2 (16) - (18) - (18) - (17) 2 (69) 1 (16) 1 (15) - (16) 2 (13)
) 1 1
43.9 5(12) 2 (17) 4 (6) 3 (10) 14 (45) 7T (9) é (8) 7 (10) 2 (11)
1l 1 1 3 1 3
56.5 8 (6) 9 (6) 11 (7) 12 (3) 40 (22) 8 (6) 10 (7) 13 (3) 10 (3)

lemperature Totals:

*Adult midges on left;

1l

141 (246)

Total

- (66)

49 (17)

58 (10)

4 (60)
25 (38)

41 (19)

177 (210)

adult parasites directly above adult midges.

**Qhiescent larvae in brackets.

Moisture
Totals

2
3 (135)

8
83 (44)

4
106 (24)



Table 36. Analyses of Variance of data
in Table 35.

A, Variation in adult emergence.

Source of af Sum of Mean

Variation Squares square ¥ P

Soil-

moistures 5 1294. 36 2658.87 88.96 £ 001
Temperatures 1 33.69 33.69 11.58 < .01
Interaction 5 33.18 6.64 2.28 > .05 n.s.
Error 36 104.75 2.91

Total 4°7 1465.98

B. Variation in numbers of quiescent larvae.

Source of af oum of Mean P
Variation squares sSquare P
Soil-

moistures 5 1411.5 282.3 54,82 < ,001
Temperatures 1 27.0 2T.0 5.24 < .05
Interaction 5 6.0 1.2 N.Se
Error 36 185.5 . 5el5

Total 4T 1630.0

C. Variation in survival (midges + parasites + larvae).

Source of af Sum of Mean P
Variation squares Square P
Soil-

moistures 5 17.85 3.57 1.01 > o2
Temperatures 1 0.18 .18 0.05 7.2
Interaction 5 26.20 5.24 1.49 > 2
Error 36 126.75 3.52

Total 47 170.98
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variation in both adult emergence (V.R. = 11.6, with 1 and
36 df., p <.0l) and larval quiescence (V.R. = 5.24, p<.05),

but again had no effect on survival (V.R. = 0.05, p >0.2).
Phis result anticipates what will be shown later (Section

4.31), namely that high temperatures (e.g. 25°¢.) induce
pupation of some larvae (particularly those collected late
in the season) which at lower temperatures (e.g. 1500.)

would enter diapause (i.e. remain 'quiescent'). Unfort-
unately, in this experiment, no distinction was made between

larvae which were quiescent through moisture-lack and those

‘quiescent' through diapause.

An important point in experiment 3 (also evident when
experiments 1 and 2 are compared) is that a range of 6.8-
13.5% moisture in sandy loam gave much the same results as
a range of 31.2-56.5% in peaty clay. This shows that

'quiescence' is not simply a matter of absolute moisture

content.

4.232 Relation between pF and development.

It is clear from the preceding experiments

that amounts of larval quiescence at equal soil-moistures
must vary with soil type. As a matter of fact it has long
been realised that absolute soil-moisture is not a measure
of water available to soil-dwelling organisms.

In the past, attempts have been made to measure

'available water' in soil by relating moisture content to
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various soil-moisture constants, e.g. saturation value,
hygroscopic coefficients, permanent wilting point, moisture-
equivalent and field capacity (Baver, 1948), but they have
been unsuccessful because each so-called equilibrium point
expresses only one relationship which may exist between soil
and water. Schofield (1935), however, has got over this
difficulty. |
Schofield's pF scale has been widely used by plant
physiologists, and Evans (1944) and Maelzer (1957) have
shown it to be a convenient continuous measure of water
available to insects in soil. Despite this, however,
measurement of soil water on a 'free-energy' basis, i.e.
on the pF scale, has been virtually neglected by animal
ecologists.
pF is a measure of the energy with which soil holds
water. It is defined as the logarithm of the height (cm.)
of a water column that is necessary to produce the desired
suction to remove water from the soil. It is directly
related to
(a)'Percentage relative humidity (R.H.) of the soil
atmosphere,
pF = 6.5 + logqq (2 - log R.H.)
and (b) Osmotic pressure (0.P.) of any solution,

PF = 3 + logy, O.P.
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In several soil-dwelling organisms development
appears  to be related to pF.  Wireworms (Agriotes)
neither gain nor lose water at pF 3.9 (Evans, 1944).

Eggs of Locusta pardalina (Walk.) are in equilibrium in a
0.65 M solution of sucrose (Mathee, 1951) and hatching of

eggs of the beet eelworm, Heterodera schachtii Schmidt,
ceagses in solutions of 0.65 M sucrose and 0.42 M urea
(Wallace, 1956). The osmotic pressure exerted by these

solutions is approximately 16 atmospheres and corresponds

to the free energy value of soil at wilting point, i.e.
approximately pF 4.2. Maelzer (1957) could demonstrate

no significant variation in percentage hatch of eggs of
Aphodius howitti Hope at pF values 2.5, 3.0, 3.25, 3.50,
and 3.75, although eggs at pF 3.75 absorbed least water;
eggs lost water and failed to hatch at pf 4.0. | '

The pF curves for the two soils used in experimentsl,
2 and 3 (Section 4.231) were determined by the author with
apparatus kindly supplied by the Department of Agricultural
Chemistry (soils), King's College. Curves for each soil

are shown in Fig. 17. Iwo methods were used, one for pF
values between 3.0 and 4.5 and the other for values above
4.5.

Briefly, the first method involves placing a thin
(3/8 inch) layer of saturated soil over a membrane which

is permeable to water but almost completely impermeable to



FIGURE 17.

Relation between soil-moisture and pF.

¢ : Peaty clay (Prestwick Whins)
¢ Sandy loam (Nafferton).
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air. A series of lncreasing constant pressures is

applied to the soil by means of compressed air. Each

pressure is maintained until no more water is expressed

from the soil and the volume of expressed water measured.

Full details of construction and use of the pressure-
membrane apparatus are given by Richards (1947).

The maximum pressure in our experiments was 225 lbs.
per sg. in. (= 15 Atmospheres = pF 4.2), this being equiva-
lent to the tension with which soil holds water at the
'vermanent wilting point* (Richards and Weaver, 1944).

The moisture content of the soil at this tension was then
determined and, knowing the volumes of water expressed by

each pressure increment, molsture-contents.at lower tensions

were calculated.

For pF values above 4.5, small air-dry samples of each

soil were placed in four known humidities and moisture
content determined at equilibrium. pPF values equivalent
to each humidlty were calculated by substition in formula
(a).

Unfortunately, curves in Fig. 17 were not completed in
tTime to enable comparison of equal pF in different soils in
relation to larval development. However, using Fig. 17,
soil-moistures in experiments 1, 2 and 3 (Section 4.231)

have been converted to pF and plotted against mean numbers

0of quiescent larvae, expressed as percentage of survival
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(Fig. 18). It should be noted that in the case of
experiment 3, the mean numbers are averages from the two
temperature treatments.

Clearly, the free-hand curve in Fig. 18 shows that
larval development is closely related to pF, irrespective
of soil type. The steepness of the curve at pF values
around 4.0 suggests that this value may be critical. At
higher tensions, most larvae become quiescent and at lower
tensions, most larvae pupate. The inclusion of a small
proportion of diapause larvae in the means for quiescent

larvae causegd the curve to flatten at low pF values;

naturally no amount of available water would induce these
larvae to pupate. In fact, had there been no diapause in
these experiments, the curve would probably have continued
its steep descent to meet the abscissa at pF 3.7-3.9.
Our results éuggest that pF influences larval develop-
‘ ment of C.nasturtii, not as one might expect through its
‘effect on pupation, but apparently by influencing cocoon
building behaviour. At pF below 3.7 most larvee build
oval (i.e. pupal) cocoons but as pF rises above 3.7 there
is an associated rapid increase in the proportion of larvae
building spherical cocoons. Since quiescent larvae never
pupate inside spherical cocoons, even when the soil is
moistened, it seems improbable that high moisture tension

directly inhibits metamorphosis.



FIGURE 18.

Development of non-diapause larvae in
relation to pF.

0 ¢ larvae in sandy loamn.
® : larvae in peaty clay.
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Tt is interesting to note that the spherically shaped
cocoon is a33001ated'w1th tquiescence' (i. e. non-pupation),
whether this is due to moisture-lack or diapause.

4.233 Field observations.
1959 was a warm d4dry year. Gen. I adults

emerged from overwintering larvae in Middleton (wheat) and
1ater the midge established itself in W.Wheldon (swedes).

Soil-moisture was therefore measured first in Middleton
(until Gen. I emergence ceased) and then in W.Wheldon.
Since the soil in both fields was the same as the sandy
loam used in earlier experiments (Section 4.231 and 4.232),

soil-moistures were converted to pF from Fig. 17.

Ten tins of solil were taken over thé whole field at

approximately weekly intervals and each tin contained 5

soil cores (2 inch deep, 1 inch diam.) which were taken at
equal intervals across two drills.

Mean moistures (% d.w.) and equivalent pFs are given
in Table 37; daily maximum temperatures (°F.) and rainfall
(inches), and mean soil-moistures are also illustrated in

Fig. 30 (Appendix I).

Significant amounts of rain (i.e.>» 0.02 inches) fell

during the following periods:- A (9 May), B (4-9 June),
¢ (21-22 July), D (16-18 July), E (26-28 July),
F (14 August) and G (20-24 September).



Table 37. Soil-moisture and pF,
Nafferton, 1959

Mean _
Date Field Crop e%gizggfeg’ S ¥ Equlg%lent
(% d.w.)
2/6 Middleton Wheat 11.4 0.96 4.10
9/6 " L 21.1 0.49 3.35
16/6 " " 10.7 0.50 4.15
23/6 W.Wheldon Swedes 21.2 0.54 3.35
30/6 L " 25,8 0.72 3.15
8/ " " 15.8 0.45 3.70
15/7 " " 13.9 0.74 3.80
21/7 0" " 13.7 0.57 3,80
30/7 " " 22,8 0.67 3.30
4/8 " " 14.9 0.45 375
13/8 " " 11.5 0.44 4.10
20/8 ; " 9.4 0.28 4,30
25/6 " " 9.5 0.37 4.30
1/9 " " 8.5 0.31 4.35
8/9 " " 8.1 0.21 4 .40
15/9 ' ' T.2 0.31 4,50
22/9 " o 21.7 0.62 3.35
29/9 ' " 15.2 0.45 3.75
6/10 " " 12.0 0.40 4 .00