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Preface
The intensification of the European forest industry has been relatively recent in the tim e-scale of forest
growth, and m any of the longer-term econom ic and environm ental consequences of new
developm ents are unknow n. Above all, the European U nion is challenged by the need to set in place
an enlarged but sustainable developm ent program m e for its forests; a program m e which delivers high
quality forest products at low cost, and one which addresses fundam ental questions of environm ental
sustainability. The challenge is particularly acute for Sitka spruce, an exotic species, and for some other
spruces w hich are the m ainstay of the forest developm ent program m e in a large part of the European
Union. Sitka spruce is one of the predom inant plantation species in north western m aritim e areas of
the EC where it outperform s other species w ith a high tim ber yield (9-15 m 1 ha 1 yr 1stemwood). It is
therefore already one of the m ost productive trees in Europe and progressive genetic gains are
enhancing this reputation. However, it is a species with some m ajor pest problem s w hich dem and
environm entally sensitive m anagem ent.
Tree breeding program m es in D enm ark and Great Britain have im proved potential productivity of
Sitka spruce but protection of these new genetically-defined trees needs careful consideration if
w idespread pest problem s are to be avoided in future. The m ost ubiquitous and m ost generally
debilitating pest of spruces in the m aritim e regions of w estern Europe is the green spruce aphid,
Elatobium abietinum. The aphid partially defoliates but rarely kills spruce, and until recently the sublethal effect of large aphid populations on the growth and productivity of individual trees and of
w hole forests has been largely unknow n. Coupled w ith this, the effects of silviculture and natural
enem ies on the green spruce aphid are also poorly understood. Are there ways in which the grow th of
aphid populations could be further constrained by natural enem ies and can resistant trees be defined
and given greater prom inence in tree breeding program m es ?
These questions, and others connected w ith the developm ent and regulation of green spruce aphid
pest problem s in Europe, were the subject of a European Com m unity Concerted Action funded in part
by the EC Agriculture, Fisheries, Forestry and Agro-Industry Specific Program m e as project AIR3CT94-1883. This volum e is the product of a collaboration betw een forest research institutes in the four
European states that participated in the Concerted Action, and a num ber of other contributors whose
w ork is highly relevant to the project. It provides a com prehensive sum m ary of current know ledge of
the green spruce aphid as a pest of spruce and suggests w hat additional inform ation is required to
im plem ent a pest m anagem ent program m e. It is the aim of this project, in due course, to provide
foresters and forest m anagers w ith sim ple and practical options in the choice of plant m aterial for
forest developm ent, and m easures associated w ith its cultivation that w ill best protect it from the
threat of aphid pest problem s throughout the life of the crop.

v

Chapter 1

Origins and background to the green spruce
aphid in Europe
C live C arter and G u d m u n d u r H allddrsson

Summary
A n account is given of the original records of Aphis abietina (syn. Elatobium abietinum ) in the British Isles
and the defoliation dam age that it caused to its spruce host plants. E. abietinum becom es a pest problem
in areas having a m ild w inter clim ate where the aphid is anholocyclic; this situation is particularly
prevalent in those areas of northw estern Europe that have a m aritim e climate.
In Asia, tw o other know n species of Elatobium occur on conifers, and there have been five other species
described from non-conifer hosts, but opinion is that these could be more appropriately placed in other
aphid genera.
From its original description in Europe, E. abietinum has now been found to be extending into several
m ore distant parts of the world w here plantations of spruce have been established. Aphid attacks in
plantation forestry in northw estern Europe (Britain, France and Iceland) can be docum ented particularly
in those areas w here spruce is not indigenous.

Earliest records of the green
spruce aphid and damage caused
m any records of this aphid occu rrin g in
Ireland (Carter et al., 1987). Theobald (1926)
also found "n o reference to this spruce aphis
on the Continent, but... rem em ber finding it
near O dde in [West] N orw ay in 1892".

It m ay be ecologically sign ifican t that the
green spruce aphid w as first described and
recorded as a troublesom e pest in a part of
Europe w here its host plant, spruce, w as growing
as an exotic species. Aphis abietina was am ong
the first of m any aphid species collected in
north London by Francis W alker w ho m ade
im p o rtan t
con tribu tions
to
aph idological
kn ow led ge in the period 1840-1860 w hile
em ployed at the British M useum in London
(Doncaster, 1961).

Original description of the green
spruce aphid
The origin al d escrip tion of A phis abietina
by W alker (1949) and the d etailed figu res
o f the
lectotyp e
in
the
collection
of
the
H ope
D ep artm ent
of
Entom ology,
O xford, draw n by D oncaster (1961) leave
little dou bt that this is the sam e species
nam ely Elatobium abietinum (W alker). The
label on the slid e has the collection data
'S p ru ce fir. South gate M ay 6-48'. A t this
tim e Picea abies w as know n in B ritain as
spruce fir or N orw ay spruce fir by the
L atin
bin om ials
as
Pinus
abies,
and
A bies excelsa at a later date. It w ould
seem
reason able
to
assum e
that
W alker's specim en s w ere from a planted
sp ecim en tree of w hat w e know today
as Picea abies (L.) Karst.

W hen George Buckton wrote his four volum e
M onograph o f the British A phids he said for Aphis
abietina "Found pretty num erously at Wanstead
[N.E. London] on the spruce-fir" (Buckton, 1879).
He goes on to say that "T h is insect does not
appear in the lists of Kaltenbach [Germany],
K och [Germ any], or Passerini [Italy]" w ho were
all record ing aphids in the m id n in eteen th
century. Fu rth erm ore, noth in g appears to
resem ble the green spruce aphid am ongst
Linnaeus's species, even though spruce trees are
widespread over Sweden.
Th eobald 's (1914) graphic account of serious
defoliation dam age to spruce include the first of
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P. brachytyla show ed resistan ce, w hereas
P.
asperata
and
P. jezoen sis
su pported
rapid
aphid
grow th
and
d evelopm en t
o f colonies. It appears from further studies
that secondary plant com pounds, in particular
certain
v olatile
terpene
com pounds
in
the resistan t species h ave a d eterrent effect
on aphid feed ing (N ichols, 1988). These
u nfav ou rable v olatile com poun d s are also
present w ith the leaf w axes of young spruce
foliage m aking the youngest needles resistant
to E. abietinum in the early sum m er (Jackson
and Dixon, 1996).

Synonyms of the green spruce
aphid
At the time Walker was describing the green
spruce aphid, both this and m any other aphid
sp ecies w ere assigned to the genus Aphis.
Doncaster (1961) gives a com prehensive list of
synonym s and their references. The m ain
synonym s, authors and dates are sum m arised as
follows:
Aphis abietina

Walker, 1849

M yzaphis abietina

Van der Goot, 1913

N eomyzaphis abietina

Theobald, 1926

Elatobium abietinum

Borner, 1930

Liosomaphis abietina

Borner & Schilder, 1932

The green spruce aphid is an od d ity in
the subfam ily Aphidinae by feeding on spruce
(a conifer) rather than higher plants, and unlike
m any other aphids that flourish on actively
grow ing nutrient-rich foliage, this species is quite
unable to take advantage of this food resource
preferring instead m ature needles.

After Theobald (1926) proposed the new generic
nam e Neom yzaphis in his detailed description for
this species, the com bination N eom yzaphis abietina
rem ained in popular usage in accounts of this
pest for m any years (Dum bleton, 1932; Chrystal,
1937; Fox-W ilson, 1948; H anson, 1952; Crooke
and Bevan, 1960 and Bejer-Petersen, 1962). The
generic nam e Elatobium of M ordvilko (1914)
largely rem ained unused in B ritish forestry
literatu re u ntil after 1960 follow in g the
publication of w orks by C ottier (1953), Doncaster
(1961) and Eastop (1966).

A lthough there have been records of E. abietinum
m aking sm all insignificant ephem eral colonies on
plants in other conifer genera, e.g. Larix sibirica
(Volkova, 1970), there are other h ost genera
records that have also arisen, perhaps due to
confusion in botanical genera.

Other Elatobium species and their
host plants

Host plants of the green spruce
aphid

In their book on A phids on the world's trees
Blackm an and Eastop (1994) list five species
in the genus Elatobium and com m ent that the
genus in clu des a biologically d iverse group
o f species. M iyazaki (1971) in clu des species
w ith oth er h ost p lants that occu r in Jap an
and su ggests that those sp ecies that do
n ot h ave con ifers as their h o st p lants are
d istin ct from the con ifer feed in g sp ecies
at the subgeneric level and could be assigned
to the genera Ericolophium and N eoacyrthosiphon.
The list of currently used nam es, host plants
and
d istribu tion
are
su m m arised
in
Table 1.1.

Field collections from plantation forests and
arboreta have show n that E. abietinum can
develop to a varying degree on all species of
Picea in cultivation. Theobald (1926) lists 14
species of Picea as foodplants and recognised
from observations at Kew that European and
A siatic species were dam aged m uch less with
the excep tion of N orw ay spruce, w h ich
w as seriou sly injured. The N orth A m erican
species P. sitchensis, P. pungens, P. engelm anni
and P. alba (= P. glauca) are recorded as being
seriou sly dam aged, and he gives a num ber
of observations on intersp ecific variation on
n eed le
d iscoloration
an d /or
d efoliation
follow ing E. abietinum attack.

A nother species, A phis indecisa Walker, 1849,
recorded
from
Ju n iperu s
com m unis
w as
placed in the genus Liosom aphis (E latobium )
by B orn er and H einze (1957). A ccord in g
to D oncaster (1961),"n o m aterial o f W alker's
indecisa exists. The d escrip tion seem s to
refer to the apterous form of the aphid
d escribed as incerta, w h ich is probably
Aulacorthum solani (K altenbach)", a polyphagous
species.

Experim ental com parisons of aphid perform ance
on 20 different spruce species have been m ade
by N ichols (1987). She sim ilarly found greater
susceptibility w ithin the N orth A m erican range
of species; but there was great variation in the
A siatic species, in p articu lar P. gleh n ii and
2

Table 1.1
S p e c ie s w ith c o n if e r h o s t p la n ts

H ost

E latob iu m a b ie tin u m (W alker, 1 8 4 9 )

P icea sp p .

E u ro p e , b u t se e m a p (F ig u re 1.1)

E latob iu m m o m ii (S h in ji, 1 9 2 2 )

P icea je z o e n s is

Ja p a n

sy n . m o m ifo lia e S in ji, 1 9 2 4

D is tr ib u t io n

a n d A b ies fir m a

sy n . a b ie tifo lia e S h in ji, 1 9 2 4
sy n . p ic e a n a In o u y e , 1939
E latob iu m la ricis (R u p a is , 1 9 7 4 )

L a rix sibirica

E a s te rn S ib e ria

Ja p a n , K a m sc h a tic a

S p e c ie s w ith n o n - c o n if e r h o s t p la n ts
E latob iu m b id a e n s e (T a k a h a sh i, 1 9 6 1 )

S a lix sp.

E latob iu m s a lic ifo lia e Z h a n g , 1 9 8 5

S a lix sp .

C h in a

E latob iu m tro c h o d en d ri T a k a h a sh i, 1 9 6 0

T rich od en d ron a ra lio id es

Ja p a n

E latob iu m ito e (T a k a h a sh i, 1 9 2 5 )

R h od o d en d ron reticu la tu m

Ja p a n , T a iw a n

E latob iu m ta isetsu sa n u m M iy a z a k i, 1971

U m b e llife ra e

H o k k a id o

recorded. A revised map (CAB International,
1986)
show s
an
extended
distribu tion,
particularly in N orth Am erica and a single record
for South Am erica in Chile. Further records of
world distribution have been added to this map
(Figure 1.1) in clu din g that for the Falkland
Islands (Low, 1986).

Distribution of the green spruce
aphid
W orld distribution
The first distribution m ap of Elatobium abietinum
published by the Com m onw ealth Institute of
Entom ology in 1966 w ith a list of countries in
which the pest was know n to occur shows the
B ritish Isles, n orth ern France, D enm ark,
Germany, Sw itzerland and Austria as the largest
continuous area of its distribution in Europe.
Sm all areas of Norway, Sweden, Finland, Latvia
and Iceland are also shown. There w as only a
lim ited distribution recorded for N orth America;
in N ew Zealand throughout both N orth and
South Islands and Tasmania w here it was also

European distribution
From early accounts, notably that of Theobald
(1926), it was quite apparent that £. abietinum was
w idespread throughout the British Isles, but in
Scandinavia it had a more patchy distribution
(O ssiannilson, 1959; 0 . A ustara, private
com m unication). Published records and recent
collection s
from
different provinces
for

Figure 1.1 W o rld distribution o f the green spruce aphid Elatobium abietinum (Walker). M ap redrawn from CAB International Pest
Distribution M ap 2 22 (1986); records to 1986 with the symbol • ; recent records from the authors added with the symbol ♦ .
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Figure 1.2 Distribution o f
county o r province records
o f tfie green spruce aphid

Elatobium

abietinum

(Walker) in Fennoscandia
and

Denmark.

M ap

redrawn from Heie (1992)
w ith

his records added

with the symbol • ; other
records
(0 .

from

Austara)

N o rw a y
w ith

the

symbol O .

w inter m onths the apterou s fem ales of
this species, w hich give rise to the su m m er's
brood m ay be found am on gst the leaves
of
sp ru ce-trees."
T h eobald
(1926)
after
follow ing the developm ent of apterae into the
w inter durin g a period of ou tbreak years
failed to find any sexuales and rem arked at that
tim e they were unknow n; Chrystal (1937) also
rem arked that the w ingless form s can be
found all the year round and, so far as was
known, no sexual generation occurred.

Fennoscandia and D enm ark were assem bled by
Heie (1992), and to this have been added further
records from 0 . Austara from the N orw egian
Forest Research Institute to include, particularly,
the N ordland and Troms counties beyond 68°N
(Figure 1.2).

Life cycle of the green spruce
aphid in Europe
The observation of W alker (1849) in the original
d escrip tion of the sp ecies rep roduced in
D oncaster (1961) includes the chief life cycle
inform ation that concerns us today.

Egg laying fem ales, m ales and eggs are well
recorded from stu dies m ade in G erm any
(Von Scheller, 1963) and a d iagram of the
h olocycle
w as
su bseq u ently
figu red
by
Lam pel (1968). Lam peT s diagram h as b een
re-d raw n and m od ified to show w hen
various m orphs of the holocycle and anholocycle
occu r accord in g to the season of the year
(Figure 1.3). The occurrence of eggs w as initially
thought to occu r in areas
w here
the
w inter conditions w ere too severe to enable
apterae to survive. Prolonged periods during
the w inter m onths w ith low tem peratu res

"In 1846, a year rem arkable for the m ildness of
the w inter and of the spring, it had attained its
full size before the end of January, and w as very
abundant near London beneath the leaves of the
spruce-firs, som e of w hich w ere stripped of their
foliage in consequence of its attacks. It does not
disappear before the latter part of N ovem ber."
G illanders (1908) also records that "D u ring the
4

Li f e c y c l e s of E l a t o b i u m a b i e t i n u m
Figure 1.3 Life cycle o f Elatobium abietinum (Walker). Spruce is the only true host plant for this aphid species. The continuous line with
arrows denotes the anholocyde, being the most usual style in oceanic climates o f Europe. The broken line denotes the forms also found
in the complete holocycle. Paracyclic populations include a mixture o f successful overwintering forms. The thicker the lines the more
populous are the colonies.

w ere show n to preven t p oten tial outbreaks
in the early spring (Bejer-Petersen, 1962). Carter
(1972) later showed that significant m ortality
occurs w hen air tem peratures fall below -8°C.
H ow ever, air h u m id ity is also influ en tial;
freezing fog droplets causing the grow th of
rim e ice-crystals m arkedly increases m ortality
of aphids at the sam e or even at higher
su b-zero tem peratu res (C arter and N ichols,
1989).

O u tb reak years of the green spruce
aphid
The frequency and possible explanation of peak
years of attack on Sitka spruce in north-w est
Europe has been analysed by Bejer-Petersen
(1962) from the year 1920 to 1961. But even before
then, Theobald (1926) refers to severe attacks on
spruce trees at various places in Britain in the years
1846, 1899, 1906 and 1913. At the time BejerPetersen wrote his paper there were outbreaks
occurring in 1961 over a wide area of Europe.

In recen t years p aracyclic p op u lation s have
been found to occur in the m ilder areas of
the E uropean d istribu tion . Th ese include
Great Britain, Ireland and N orw ay (Carter and
A u stara, 1994) and D enm ark (H arding and
Carter, 1997).

M ost of these previous y e a r's attacks have
been tabulated by K loft et al. (1961) but in
addition to these should be added the detailed
survey of Sw itzerland by M aksym ov (1961) and
the
m ore
recent
outbreak
in
Poland
(Szelegiewiez, 1975). A second extraordinarily
severe outbreak occurred in Sw itzerland in 1980,
and it w as observed that above average
tem peratures in several su ccessive w inters
contributed towards causing the 1980 outbreak
(Maksymov, 1981). This appears also to have
been a sim ilar pattern in parts of Britain w hen
there were two successive mild winters, nam ely
1966 and 1967, 1970 and 1971 (Carter, 1972a;
Carter, 1972b) and probably 1979 as well as 1980
for certain pockets of Sitka spruce grow ing in
South Wales (Carter and N ichols, 1988).

In the m ilder parts of Great Britain the annual
p op u lation peak occurs during M ay (C arter
and N ichols, 1988) and is accom panied by
the production of alate m igrant fem ales which
are the natural dispersal phase for the species.
In upland Britain w here the spring and sum mer
clim ate is cooler, this d ispersal period m ay
be delayed and extended over a longer period,
but even in these areas the dispersal phase
is essentially finished by August (Carter and
Cole, 1977).
5

as exposed hill farm s or m oors, so the forest
ecosystem w as from the start very im balanced. It
is plausible that this had resulted in the m any
outbreaks experienced in afforested areas of
Scotland and Ireland.

Spread of the green spruce aphid
w ith
plantation
forestry
in
northwestern Europe
Elatobium abietinum has probably been present for
som e tim e in Scandinavia and other parts of
northw estern Europe w here long established
P. abies forests occur. However, in other parts of
Europe w here P. sitchensis has recently been
introduced, the con spicuou s dam age by the
aphid has been readily detectable and its spread
has therefore been noted. The follow ing centres
are worthy of mention.

Records of E. abietinum distribution in Britain by
the tim e Theobald (1926) w rote his account
su ggest that the aphid w as already w ell
distributed over m uch of the British Isles, so
infestation of these new plantations w ould be
only a m atter of time The raising of planting
stock in areas w here infestation of the young
trees can readily take place and then transporting
these to rem ote planting sites, has no doubt
accelerated the spread of this aphid in the British
Isles, and the sam e circum stances probably apply
to other countries.

The British Isles
For m any geograp h ically isolated parts of
Europe, notably the British Isles and Iceland,
there are no native spruce trees. A lthough Picea
abies is thought to have been cultivated in Britain
from the year 1548 (Morse, 1959) and P. sitchensis
from 1832, it w as not until the two post-w ar
d ecades 1945 to 1965 that really exten siv e
afforestation w ith these productive species had
taken place, thus increasing the spruce plantation
area in England alone by 2 ‘A tim es to 90 000 ha,
rep resen tin g 10% of the total forest and
w oodland areas (Carter, 1983). M ost of the new
spruce plantations were on non-forest land, such

France
Betw een 1950 and 1960 there w as an increase in
the planting of P. sitchensis, particularly on the
Channel coastal areas of Brittany as a result of
successful tim ber production in Britain being
reported (Leroy and M alphettes, 1969). However,
the w idespread outbreak of E. abietinum in 1961
that affected m uch of Europe extended into these
you n g p lan tation s in both B rittan y and
N orm andy (Joly, 1961). As is the case in the

1. O u tb re a k a re a s in

2. O u tb re a k a re a s in
1984 and 1987

3. O u tb re a k a re a s in

Figure 1.4 The spread o f Elatobium abietinum into new areas o f

since its o riginal recorded occurrence in Reykjavik in 1959.
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British Isles, the aphid overwinters as apterous
virginoparae, and severe outbreaks appear to be
m ore dam aging on poor shallow soils (Carter
and N ichols, 1988; Leroy and M alphettes, 1969).

coincides with the severity of frosts in Decem ber
1995 (Halldorsson, unpublished data). Studies of
freezing tolerance of Elatobium in Iceland have
show n that no m ortality is found at temperatures
above -12°C and the LT50 value is c. -15°C
(Halldorsson, 1995).

Since the early plantings in w estern France, the
area of P. sitchensis is now in excess of 30 000 ha
and the m ajority of the plantations betw een 20
and 30 years old. These extend to the M illevache
plateau dow n to 45°N in the Limousin.

The developm ent of the green spruce aphid in
Iceland seem s to be exclusively parthenogenetic,
since m ales or eggs have never been found.
Alates are encountered at different times of the
year, but they are alw ays a very low proportion
of the population. Genetic studies on the green
spruce aphid indicate that the Iceland ic
population is divided into two different genetic
lineages, one has hitherto only been found in the
western part of the distribution area, and the
other only in the eastern part. No overlapping
betw een lineages has been found (Sigurdsson et
a l , unpublished).

The aphid is well distributed in these areas but
outbreaks in 1987 and 1988 are only recorded
from Britanny in the past 10 years (Lemperiere,
personal com m unication). These outbreaks occur
on poor sites, m ostly 30 to 35 year old stands, but
all age classes are affected by the aphid. In the
Lim ousin, the last outbreak was recorded in 1994
near Lim oges betw een 500 and 600 m altitude.
Iceland
The green spruce aphid w as first recorded in
Icelan d in N ovem ber 1959, in a nursery in
Reykjavik. A t that time this nursery was used for
storing im ported Christm as trees. Attem pts to
eradicate the aphids failed and it was found in
several gardens in Reykjavik in late sum m er and
autum n of 1960 (Bjarnason, 1961; Ragnarsson,
1962). The first m ajor outbreak w as in southwest
Iceland in 1964. A fter that five m ajor outbreaks
have followed; in 1977, 1 9 8 4 ,1987,1991 and 1996
(O ttosson, 1985; Blondal, 1988; H alldorsson,
unpublished data) and Elatobium has now been
recorded in all parts of the country (Figure 1.4).

Concluding rem arks on the
origin of the pest problem and
distribution
It w ould appear that the com bin ation of a
susceptible host plant, Sitka spruce, grow ing in
areas with oceanic climates and mild w inters has
enabled E. abietinum to breed freely and cause
sign ifican t foliage dam age and su bsequent
growth losses. Under these set of circumstances,
m any of the forests that are attacked may have, as
yet, an im poverished or ill adapted forest
ecosystem which fails effectively to reduce the
increases of this pest.

A ll
ou tbreak s
h ave been
in
the
late
su m m er /autum n /early w inter period, and
ou tbreaks h ave n ev er occurred after severe
w inters (H alldorsson, 1995). These outbreaks
have covered all the distribution area at each
time, except the outbreak in 1984 and in 1996. The
outbreak in 1984 w as heaviest in the eastern
fjords, but m ilder attacks reached w est to the mid
south coast (Figure 1.4, 2). No outbreaks occurred
in the distribution area w est of that (Ottosson,
1985). The lo w est m inim u m tem peratu re in
w inter of 1983-84 in the area of heavy outbreak
w as -9.8°C to -12.2°C. The low est m inim um
tem perature in the area w ith mild outbreak was
-11.6°C to -11.9°C . The lo w est m inim um
tem peratu re in n on -ou tbreak areas of the
distribution area w as -12.1°C to -16.5°C. The
low est
m in im u m
tem peratu re
in
areas
neighbouring the distribution area was -12.8°C to
-20.6°C. The outbreak in 1996 was in the coastal
areas from w est Iceland to the eastern fjords. No
outbreaks occurred in inland areas or in north
Iceland (Figure 1.4, 3). This distribution of attacks

A long the w est coast of N orth A m erica
E. abietinum has been recorded as dam aging
P. sitchensis for some time (Holms and Ruth, 1968)
and is now known throughout the coastal range
from Alaska to California. Since 1960 there have
been infestations along m ost coastal areas of
Q ueen Charlotte Islands and betw een 1981-1991
there has been significant dam age to both natural
spruce forests and ornam ental trees in coastal
regions of B ritish C olum bia (K oot, 1991). It
appears strange, however, that there are no m ajor
reports of aphid attack in the Sitka spruce range
before 1960, unless some ecological changes have
occurred. Such
su dden ou tbreaks
show
sim ilarities w ith other in trodu ction s of new
unregulated forest pests.
The m any distribution records of E. abietinum
throughout Europe, and the existen ce of
holocyclic populations there suggest that it was
originally associated w ith Picea abies rather than
7

P. sitchen sis (B ejer-P etersen , 1962). This is
supported by the fact that P. abies and other
Palaearctic species show less reaction to the
aphid's feeding than does P. sitchensis and other
nearctic species all but one. The other aphid
species assigned to the genus Elatobium are all
from Asia (see Table 1.1). It is also in Eastern Asia
that speciation of the genus Picea appears to have
taken place (Wright, 1955). Possible exposure to
an Elatobium species in this region m ay be the
reason w hy the m ost h ig h ly resistan t Picea
species occur there.
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Plate 1 Green spruce aphid, Elatobium abietinum
(Walker). A dult aptera.

Plate 2 £. abietinum. Adult and nym ph apterae
on Sitka spruce.

Plate 3 Spring infestation of E. abietinum.
Aphids occur m ainly on the underside of the
needles. (S. Harding)

Plate 4 Sitka spruce showing the yellow ing of
older needles characteristic of attack by
E. abietinum. Yellow needles die and fall from
the shoot w ithin a few weeks.

Plate 6
Complete loss
of older needles
from young
Sitka spruce
following severe
infestation.
Black sooty
moulds, which
thrive on
honey-dew
excreted by the
aphids, coat the
lower stem and
main branches.
Thornthwaite
Forest, UK,
May 1971.

Plate 5 Dam aged older needles and healthy
current shoots typical of spring infestation by
E. abietinum. N orw ay spruce at Windsor, UK, in
June 1971.
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Plate 7
D efoliation of
5-year-old
Sitka spruce
following
autum n
infestation.
N eedle loss
is concentrated
in the upper
canopy.
Banteer,
Ireland,
January 1973.

Plate 8 The
tree in Plate 7
photographed
in M ay 1973.

Plate 9 N eedle
brow ning in
Sitka spruce
caused by
autum n
infestation.
Tarenig, Wales,
N ovem ber
1974.

Plate 10
D efoliation of
50-year-old
Sitka spruce
follow ing
spring
infestation by
E. abietinum.
Dam age is
concentrated
in the lower
canopy. H afren
Forest, Wales,
Septem ber 1997.

Plate 11 Young Sitka spruce defoliated by
E. abietim un and dam aged by late spring frost,
a potentially lethal com bination. Korsoe,
Denm ark. (S. Harding)

Plate 12 Com plete defoliation of road-side Sitka
spruce. Selkirk, Scotland, Septem ber 1997.
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P lates 13 and 14 Alate and apterous E. abietinum killed by entom ophthorales fungus. (S. W estergaard)

Plate 15 E. abietimun killed by
entom ophthorales. Infected individuals often
cluster on the stem. (K. Day)

Plate 16 Parasitized E. abietinum: the dry
cuticle of the aphid left behind after the adult
parasitoid wasp has emerged (via the flap at the
rear of the aphid).

Plate 17 N um erous E. abietinum 'm um m ies'
attached to the needles of Sitka spruce
indicative of a high rate of parasitism.

Plate 18 E. abietinum killed by frost. The black,
shrivelled aphids remain attached to the
needles.
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w sm
P lates 19 and 20 Variation in the am ount of defoliation caused by
E. abietinum in a young Sitka spruce plantation. Defoliated and
undefoliated trees often occur side by side.

Plate 21 Two
individuals of
the sam e Sitka
provenance
show ing
susceptibility
(left) and
resistance
(right) to
E. abietinum
attack. Ulborg,
Denm ark.
(S. Harding)

Plate 22 H afren Forest, Wales. A typical upland
com m ercial forest in the UK com prised largely
of Sitka spruce.

Plate 23 Sitka spruce plantation at Alstahaug,
Nordland, Norway. (Bernt-H. 0 y en , NISK)

Plate 24 P49 Sitka spruce at H aukadalur, south
Iceland. (T. Benedikz)
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Chapter 2

Damage sustained by individual trees:
empirical studies on the impact of the green
spruce aphid
Nigel A. Straw, Gudmundur Hallddrsson and Thorarinn Benedikz

Summary
Em pirical studies on the im pact of E. abietinum on Sitka spruce have been conducted in Britain, Ireland,
N orw ay and Iceland, and have involved m anipulative experim ents on pot-grown plants in nurseries
and young trees in the field, and observations on the effects of natural outbreaks in plantations.
Differences in methodology, tree age, growing conditions and other factors hinder direct com parisons
betw een studies, but certain general patterns in tree response can be identified. H eight increm ents are
reduced, on average, by 10-30% by the end of the season following severe or com plete spring/early
sum m er defoliation. Further reductions in height increm ent m ay occur in the follow ing 1-3 years.
Reductions in stem diam eter increm ent are of a sim ilar m agnitude but, in contrast to height growth,
occur prim arily in the follow ing year or even after a longer period. The effect on diam eter increm ent in
the year of attack is usually small. In the oldest trees studied, diam eter increments were suppressed for
up to 7-8 years. The different response of height and diam eter growth is probably caused by a strong
direct effect of aphid feeding on leader extension at the tim e of infestation, followed by a more typical,
delayed response of both diam eter and height increm ents to the loss of needles. Fertilizer treatm ents and
S 0 2 pollution appear capable of m odifying the im pact of E. abietinum, by increasing tree susceptibility to
attack, by prom oting higher aphid population densities and by altering the tree's growth response to
defoliation. However, inform ation on these and other potential m odifying factors is limited, and many
general patterns in the response of Sitka spruce to infestation by E. abietnum have yet to be established.

Introduction
rare phenom enon (Petersen, 1960; Bevan 1966;
H alldorsson, unpublished; H arding, personal
communication).

The im p ortance of green spruce aphid
(Elatobium abietinum ) as a forest pest lies in its
ability to cause extensive defoliation, especially
of Sitka spruce, and the im pact that defoliation
may have on tree growth. The aphid rarely kills
trees in Europe and its m ain effect is to reduce
annual grow th increm ents (Bevan, 1966; Carter,
1977). This arises because the aphid infests only
the on e-year-old and old er needles. The
new needles are chem ically defended for the first
few m onths and are not colonised until the
autum n (Jackson and Dixon, 1966), w ith the
result that trees alw ays carry som e foilage
after spring and early sum m er infestation, or
soon regain foilage after autum n or w inter
attack. This is usually enough to ensure that
trees survive and eventually recover. The death
of sm all or large trees m ay occu r under
excep tion al
cond itions,
particu larly
after
com plete autum n or w inter defoliation when
trees have been left bare for several months, or in
com bination w ith severe frost damage, but it is a

The potential of E. abietinum to reduce increm ent
has been of interest for a long time, but recently a
num ber of new studies have been com pleted or
initiated, partly in response to the need for better
quantitative inform ation w ith which to advise
forest m anagers, but also in recognition that
global w arm ing m ay lead to b etter w inter
survival of E. abietinum in the future and a greater
frequency of d efoliation (Straw, 1995). The
forestry industry in several north-w est European
countries has invested heavily in Sitka spruce
and any increase in the frequency and severity of
attack is likely to have widespread consequences.
Inform ation on the relationships betw een aphid
densities, needle loss and tree grow th is also
im portant for evaluating costs and benefits of
selecting spruce for resistance to E. abietinum , and
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for evaluating different m anagem ent strategies,
e.g. identifying gains in yield which m ight be
obtained by reducing aphid populations through
enhancem ent of natural enem ies. Cost-benefit
analyses require data on grow th losses to be
incorporated into either em pirical yield m odels
or forest process m odels (Chapter 3) w hich can
then be used to calculate the effects of infestation
on tim ber volum e. E. abietinum attacks all ages of
trees and can attack the sam e stand repeatedly
during its lifetim e. M athem atical m odels are the
only m eans, therefore, of integrating the effects of
attack over the w h ole forest rotation and
predicting effects on final tree size. However,
before m odel predictions can be accepted w ith
confidence, m odels need to describe the response
of trees to infestation and defoliation accurately,
in line w ith the results from em pirical studies.

M ost grow th loss studies in forest system s have
looked at the effects of leaf-chew ing insects and
have focused on question (2), the im m ediate
effects of d efoliation on annual increm ents
(K ulm an, 1971). Su ch stu dies ad dress the
question of m ost im m ediate im portance and
dem onstrate the capacity of insects to reduce tree
growth, but m ost were too short to determ ine the
total period over w hich increm ents were reduced
or the tim e taken for the trees to resum e norm al
grow th. W ithout this in form atio n it is not
possible to determ ine the total, accum ulated
im pact of a particular outbreak (Austara, 1984;
O rlund and Austara, 1996). Very few studies
have been developed far enough to assess effects
on final tree size or to calculate econom ic costs.
The m ost serious om ission of grow th loss studies
in general, however, is the paucity of inform ation
on defoliator pop ulation levels and rates of
defoliation or other dam age. This inform ation is
essen tial if the response to in sect attack of
different tree species, genotypes or ages, or of
trees grow ing on different sites, is to be com pared
and gen eral p attern s in grow th response
identified. The reasons for this lack of data are
understandable. A ssessing insect num bers and
recording rates of defoliation is extrem ely time
consum ing and often cannot be included in
experim ental designs w hen funds are lim ited. In
add ition, the m ajority of field studies,
particularly those on natural insect outbreaks,
w ere in itiated only after dam age b ecam e
noticeable and w hen outbreak populations were
subsiding. O btaining estim ates of insect num bers
and defoliation retrospectively in these situations
w as usually im possible.

Studies on the im pact of E. abietinum have been
cond ucted in B ritain, Ireland , N orw ay and
Iceland, and all have looked at effects on Sitka
spruce. Com paring results from these studies is
difficu lt, b ecau se of d ifferences in site and
clim atic con d itions, d ifferen ces in tree age,
provenance and stand history, and because of
differences in the seasonal pattern of aphid
infestation. E. abietinum populations in Britain,
Ireland and N orw ay usually peak during spring
or early summer, w hereas those in Iceland peak
in the autum n (Chapter 4), and early and late
defoliation m ay have different effects on tree
grow th (Kulm an, 1971; Larsson, 1983). Different
m eth od olog ies also lim it the d egree of
com parability betw een studies and influence
interpretation of results. Consequently, those
aspects w hich grow th loss studies ought to
attem pt to quantify, under ideal circum stances,
are reviewed briefly as a guide to interpreting the
em pirical studies w hich have been described.

Em pirical studies on the im pact of E. abietinum
exhibit all of these problem s and om issions,
esp ecially a lack of in form atio n on aphid
densities and defoliation rates. This m akes it
extrem ely d ifficu lt to com pare resu lts from
previous w ork. E arly exp erim en ts and field
studies were rather short and tended to m easure
different tree grow th param eters. As a result,
there is still relatively little inform ation on the
effect of E. abietinum on stem diam eter and
volum e increm ent and on final tree size. In only
one case were the econom ic costs of infestation
estim ated (Carter, 1977).

Objectives of empirical studies
Studies on the im pact of forest insect pests
should, ideally, address four key questions: (1)
w hat is the relationship betw een insect density
and the am ou nt of dam age in flicted (e.g.
percentage of needles lost, num ber of shoots
killed), (2) by how m uch and for how long are
annual increm ents depressed, and, w ith regard to
com m ercial aspects, (3) w hat are the effects of
reduced increm ent on final tree size and timber
yield, (4) w hat are the econom ic costs of reduced
yields. Financial losses arise if tim ber volum es at
harvest are low ered or if the rotation has to be
extended to allow trees to reach optim um size.
Wood quality and therefore its value m ight also
be affected.

E stab lish in g
the
relation sh ip s
b etw een
E. abietinum densities, defoliation and growth
loss is crucial for com bining im pact studies w ith
aphid p op u lation m od els and h ence for
ev alu atin g the im p act of changes in aphid
populations brought about by clim ate change or
16
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Figure 2.1 The relationship between loss o f 1-year-old needles and peak E. abietinum density on 4-year-old Sitka spruce in Hafren Forest,
Wales (from Straw et al., 1998).
Percentage needle loss was calculated as the difference between needle density in May, before peak aphid infestation, and needle density
in October. M ay needle density was adjusted to account for the natural rate o f needle loss (without aphids) that would have occurred
over the same period. Estimates o f percentage needle loss and aphid density were obtained separately for shoots at six different positions
in the canopy, and averaged for the trees in each plot. The different symbols in the Figure represent these mean values for the different
canopy positions, for five plots with high aphid densities and five plots with low aphid densities (r2= 0.69, PcO.OOl). Variation in the
estimates o f needle density, arising because different shoots were assessed at each canopy position in M ay and October, leads to some
apparent increases in relative needle density.

A reaction to substances introduced into the tree
w hilst the aphids are feeding, such as those
responsible for needle chlorosis and death (Kloft
and Ehrhardt, 1959; Fisher 1987), m ight influence
grow th directly. The relation sh ip betw een
E. abietinum and increm ent is likely to be more
com plex, therefore, than that betw een a
leaf-ch ew in g insect and increm ent. It could
involve physiological poisoning and disruption
of the horm onal control of tree growth alongside
the effects of sap rem oval and needle loss, the
latter
affecting
grow th
by
reducing
photosynthetic capacity and the space for storing
nutrient reserves.

altern ativ e m an agem en t strategies. R ecent
stu dies
h ave
begu n
to
exam ine
these
relationships (Figure 2.1, Straw et al., 1998),
although patterns need confirm ation. Percentage
loss of older needles on young Sitka spruce
in W ales w as lin early related to peak
aphid densities in the spring w hen these were
plotted on a logarithm ic (or cube root) scale
(Figure 2.1). This in d icates an asym ptotic
relation sh ip betw een needle loss and aphid
density on an arithm etic scale in w hich the
per capita effect d eclin es as aphid density
in creases, and w here com plete defoliation
is ach ieved only follow in g very high rates
of infestation. A t the opposite extrem e, low
aphid densities appear to cause surprisingly
high rates of defoliation. Densities of 1 aphid
per 100 needles caused, on average, 15-20%
n eed le
loss,
su ggesting
eith er
greater
red istribu tion of aphids in the canopy than
previously suspected or a particularly strong
p h y siolo g ical reaction o f Sitka spruce to
infestation (Straw et al., 1998).

Studies on the im pact of E. abietinum on
increm ent have involved experim ental w ork and
observations on natural outbreaks. Experim ents
should provide the m ost unam biguous data. The
basic approach is the sam e w hether experim ents
are conducted on pot-grow n plants in the
nursery or on trees in the field. A random ly
selected set of trees is infested with aphids and
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defoliated, and the perform ance of these trees is
com pared with a com parable, random ly selected
set of uninfested control trees m aintained under
the sam e conditions or interm ixed w ithin the
sam e plantation. Divergence in the perform ance
of infested and uninfested trees gives a direct
m easure of the im pact of infestation. Experim ents
on pot-grow n plants have started w ith insect-free
m aterial and defoliated trees have been produced
by inoculating plants with aphids. Field
experiments have begun with the reverse situation,
with most trees naturally infested and uninfested
control trees obtained by spraying with insecticides.
This achieves the same kind of comparison, but is
dependent on obtaining high aphid populations
naturally, which cannot be guaranteed, and care
m ust be taken to ensure that insecticides are not
phytotoxic or growth promoting.

Im pact studies in Britain and
Ireland
E. abietinum causes defoliation regularly in the
mild, oceanic regions of w estern Britain and
Ireland. In these areas, E. abietinum m aintains
anholocyclic populations on spruce throughout
the year. Cold periods reduce the num bers of
aphids overw intering, but sm all num bers of
individuals survive to reproduce in the spring
and densities build up steadily as the w eather
im proves. Peak populations usually occur in May
or June after w hich num bers decline rapidly to a
characteristic m id-sum m er low, and they remain
low until the autum n (Chapter 4). Populations
increase in the autum n, but they usually remain
sm aller than in the spring. D efoliation can occur
in N ovem ber and D ecem ber if autum n w eather
con d itions are p articu larly fav ou rable, but
dam age at this tim e is less com m on. Severe
d efoliation is norm ally a resu lt of spring
infestation.

Difficulties in applying treatm ents and problem s
w ith m aking detailed assessm ents has m eant that
experim ental w ork has been restricted to trees <6
years old. It is not clear, however, w hether results
obtained for sm all trees are applicable to larger
trees or can be applied at the plantation scale.
C urrent in form ation
on the im p act of
E. abietinum on old er trees in com m ercial
plantations com es from observations on natural
ou tbreaks. W ithout an exp erim en tal control,
however, results from observational studies have
to be treated w ith som e caution. Estim ates of
grow th loss have been obtained by com paring
grow th of the sam e trees before, during and after
attack, or by com paring the perform ance of
neighbouring trees that were naturally defoliated
or which rem ained undefoliated. The dangers
here are, first, that high aphid populations may
be associated w ith w eather conditions that also
influence spruce grow th directly w ith the result,
for exam ple, that grow th losses in the year of
attack m ight be partly attributable to a generally
poor season for spruce grow th (Koerber and
W ickman, 1970) or, second, that aphids m ight
colonise relatively slow grow ing or stressed trees
preferentially, w ith the result that differences
b etw een the p erfo rm an ce of in fested and
u n in fested in d iv id u als m igh t m erely reflect
underlying differences in inherent grow th rates
independent of aphid attack (see Chapter 7).
E. abietinum pop ulations certainly appear to
benefit from certain clim atic conditions that are
unfavourable for spruce (Straw, 1995) and, in at
least one exp erim en t, aphid perform ance
im proved on in term itten tly drou gh t-stressed
trees (Major, 1990). Consequently, there are good
reasons to suspect that clim atic or site related
factors could m ask som e of the affects of aphid
infestation during natural outbreaks.

T he m ild and w et clim ate that favours
E. abietinum is also particularly suited to Sitka
spruce. Provenances from O regon, W ashington
and B ritish C olu m bia ou tp erform all other
conifer species grow n in these clim atic regions
and in upland forests they typically achieve
gen eral yield classes of 14-18 (i.e. a m ean
m axim um annual increm ent of 14-18 m 3 h a 1
y e a r 1) (Proe et al., 1996). M ost stands are thinned
periodically from c. 20 years after establishm ent
and are clear-felled after 40-60 years. The high
productivity of Sitka spruce m eans that it is the
m ost w idely planted com m ercial tree species in
north and w est Britain and in Ireland. O ver
530 000 ha have been planted in Britain alone
since
the
1920s
(Forestry
C om m ission ,
unpublished). E. abietinum occurs over the whole
of this area and, consequently, its p oten tial
im p act on tim ber p ro d u ction is enorm ous.
R eco g n ition of this p oten tial h as prom p ted
several experim ental and field-based studies to
quantify the aphid's impact.
Experiments on sm all pot-grown trees
Three studies have looked at the effect of spring
infestation by E. abietinum on sm all pot-grow n
Sitka spruce (Table 2.1), although the study by
W arrington and W hittaker (1990) w as concerned
more w ith interactions betw een S 0 2 pollution,
drought and aphids, and spruce growth, and was
not designed specifically as a grow th loss study.
Carter (1977) added 100 aphids to each of 20 Sitka
spruce transplants and com pared their grow th at
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the end of the season with 20 uninfested trees.
Leader grow th w as reduced by 10% and the total
length of new shoots produced was reduced
slightly more, but the total dry w eight (DW) of
new shoots produced was reduced by about half
(Table 2.1). R oot DW w as less affected,
suggesting that aphid infestation would have
altered the root:shoot ratio in favour of roots.

More recently, Straw and Green (unpublished)
conducted an experim ent w hich included
early, m id and late season in festation of
pot-grow n Sitka spruce. Fifty plants were
inoculated w ith either three 3 cm pieces of
infested shoot m aterial during m id or late
April, or in early M ay 1994, or w ere left
w ithou t aphids as controls. H eight, leader
length, stem diam eter and needle densities
were recorded at the end of 1994 and 1995,
and sub-sam ples of 10 plants per treatm ent
w ere harvested for DW com ponents at
the same time. Prelim inary results from this
experim ent show that in 1994, the year of
infestation, leader grow th w as reduced by
about the same amount as in the earlier studies,
but less affect w as observed on total shoot length
and shoot,
root and total p lant DW s.
R oot and
shoot DW w ere
affected to
about the sam e extent,
su ggesting
no
im m ediate im pact on root:shoot ratios. Early
in festation had a greater im pact than m id
and
late
spring
inocu lations.
The
experim ent confirms, therefore, C arter's (1977)
results for tree height increm ent
in the first
year, but
does not su pport
the m uch
relatively greater effect on shoot DW. In
the second year after infestation, affects on
leader grow th w ere again pronounced and
similar to those in the first season (Table 2.1).
Total shoot length produced and new shoot,
total root and total plant D W s w ere also
reduced further and by m ore than in the
first year.

W arrington and W hittaker (1990) added four
aphids per tree in late April, w hich resulted in
over 300 aphids and 34.5% needle loss per tree by
the end of June. The affect on leader growth was
sim ilar to C arter (1977), but less dram atic
reductions were observed in shoot and whole
plant DW. This m ay be because their study lasted
only two m onths and the plants were harvested
at the end of June before DW accumulation was
complete. The early harvest date m ay also have
affected the response in root DW. Root growth
occurs later in the season than shoot growth
(Kozlow ski et al., 1991) and root DW m ight have
recovered su bstan tially had the plants been
allowed to grow through to the end of the season.
W arrington and W h ittaker (1990) also used
relatively sm all sam ple sizes per treatment (nine
trees) and the grow th reductions attributable to
E. abietinum that w ere given (Table 2.1) were
averages for all treatm ents com bined, including
d rought stressed trees and trees grow n in
elevated S 0 2 conditions. The results m ight not be
rep resen tativ e, therefore, of grow th losses
encountered under norm al, well watered and
unpolluted conditions.

Table 2.1 Experimental studies on two-year-old, pot-grown Sitka spruce. Growth loss determined by comparing aphid-infested trees with
uninfested controls
L ead er

T o ta l le n g th

D W s h o o ts

DW

D W w h o le

le n g th

o f s h o o ts

p ro d u c e d

ro o ts

p la n t

7%

55%

p ro d u c e d

(a )

P e rc e n ta g e re d u c tio n in g ro w th a t th e e n d o f the
se a s o n in w h ic h in fe s ta tio n o ccu rre d .
C a r te r (1 9 7 7 )

10

%

18%

4 8%

W a rr in g to n a n d W h itta k e r (1 9 9 0 )'

13%

-

15%

2 1

%

19%

- e a r ly in fe sta tio n

2 5%

17%

15%

15%

15%

- m id in fe s ta tio n

14%

7%

S tra w a n d G r e e n (u n p u b lis h e d )

- la te in fe s ta tio n
(b )

2

%

6

6

%

%

5%

%

8

%

5%

6

%

6

P e rc e n ta g e re d u c tio n in g r o w th a t th e e n d o f th e
se c o n d y e a r
S tra w a n d G r e e n (u n p u b lis h e d )
- e a r ly in fe s ta tio n

24%

2 9%

27%

2 1

%

22

%

- m id in fe s ta tio n

15%
9%

14%

10

%

11

%

12

%

13%

11

%

- la te in fe s ta tio n

1

3 4 % d e fo lia tio n b y th e e n d o f Ju n e .
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7%

5%

Table 2 .2 Observations on natural E. abietinum outbreaks in plantations

T re e a g e '

D e f o lia t io n

5 -6

c o m p le te

year

1

year

2

year

im p a c t o n h e ig h t in c r e m e n t (le a d e r le n g th )
C a r te r (1 9 7 7 )

C a r te r a n d N ic h o ls (1 9 8 8 )

6

4 5 -6 1 %

-

c o m p le te

4 2 -6 1 % *

2 2 -4 4 %

-

(1 9 8 0 )

(S. W a les)
T h o m a s a n d M ille r (1 9 9 4 )

40-54% *'

(1 9 7 1 )

(N .E . E n g la n d )

1 1 -1 2

(E. S c o tla n d )

m in o r

12

%*

16% *

18%

m a jo r

19% *

34% *

1 4%

s e v e re

31% *

50% *

48%

s e v e re 2

25% *

-

c o m p le te

31% *

(1 9 8 8 -8 9 )
S e a b y a n d M o w a t (1 9 9 3 )

15

(N . Ire la n d )

-

(1 9 8 0 )
im p a c t o n d ia m e te r in c r e m e n t (a t 1 .3 m )
T h o m a s a n d M ille r (1 9 9 4 )

1 1 -1 2

(E. S c o tla n d )

m in o r

9% *

15 % *

6

%*

40% *

19%

33% *

56% *

33%

m a jo r

12

s e v e re

%

* y e a r o f d e fo lia tio n (s u b s e q u e n t y e a rs a p h id -fre e )
' a g e (y e a rs ) w h e n d e fo lia te d
2

5 3 .5 % lo s s o f o ld e r n e e d le s

that older trees are less affected by E. abietinum
than younger trees, but this is probably not the
case since the circum stances of each study were
rather different. The trees m onitored by Carter
(1977) and Carter and N ichols (1988) appear to
have been defoliated m uch earlier in the spring
than those studied by Seaby and M ow at (1993)
and Thom as and M iller (1994) and this m ay have
resulted in a greater im pact on grow th. Average
defoliation rates m ay have differed, although
needle loss w as recorded as either severe or
com plete in all of the studies. However, detailed
assessm ents of needle loss and the tim ing of
attack were not made.

Studies on natural outbreaks
C om parison s of the grow th p erfo rm an ce of
naturally defoliated and undefoliated trees have
been m ade by several researchers in Britain and
Ireland (Table 2.2). In all of these stu dies
defoliation appears to have been the result of
severe spring infestation. G row th w as recorded
as height or diam eter increm ents, the latter at
1.3m (diam eter at breast height, dbh). The studies
fall into two groups: those of Carter (1977) and
Carter and N ichols (1988) on 5-6 year old trees in
a com m ercial p lan tation and a IU FRO
provenance trial, respectively, and those of Seaby
and M ow at (1993) and Thom as and M iller (1994)
on old er trees bein g m on itored as p art of
fertilizer experim ents. Carter (1977) com pared
the height grow th of tw o cohorts of naturally
infested and uninfested trees before and after an
E. abietinum outbreak in 1971, w hereas Carter and
N ichols (1988) com pared the height increm ents
of five different Sitka spruce provenances for the
two years before, and two years after, a sim ilar
defoliation episode in 1980. The range of grow th
loss estim ates given for these studies (Table 2.2)
represent the response of the different cohorts or
proven an ces. In both stu dies, red u ction s in
height increm ent am ounted to about 50% in the
year of attack and a sim ilar am ount in the
follow ing aphid-free year.

The studies of Carter (1977) and Carter and
N ichols (1988) were initiated after single, intense
episodes of infestation and the follow ing years
were aphid free. In contrast, the trees analyzed by
Thom as and M iller (1994) were defoliated over
two years (1988 and 1989), and the larger im pact
on grow th recorded in the second season was
probably a response to an accum ulated am ount
of dam age. The trees on this site m ust have been
dam aged in sprin g of 1988, sin ce h eigh t
increm ents w ere reduced significantly in that
year, and visual assessm ents and litter trap
catches indicated further substantial infestation
in A pril and M ay 1989. The results from this
study, are not, therefore, directly com parable
w ith those of C arter (1977) and C arter and
N ichols (1988) and represent the im pact of a more
protracted period of defoliation. There is also

In contrast, Seaby and M ow at (1993) and Thom as
and M iller (1994) recorded sm aller reductions, at
least in the first year. These results m ight suggest
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some difficulty in interpreting the estim ates of
grow th loss, because the height increments of
those trees recorded as m ost severely defoliated
in April 1989 w ere also sm aller in 1987, evidently
before the aphid outbreak developed, implying
perhaps that the aphids attacked slower growing
trees preferentially.

light and increasing shortage of nutrients. The
relative differences in growth recorded in the first
year betw een defoliated and undefoliated trees
were repeated in the next four years and there
was no evidence of any recovery. The m ost
severely defoliated trees tended to be more likely
to go into growth check. Only the apparent
im pact on growth in the first year is given in
Table 2.2, since it is not clear to what extent
reductions in growth in subsequent years were
influenced by the steadily d eterioratin g
conditions. The estim ates of im pact obtained by
this study may not be representative, therefore, of
the response of trees on better sites.

Thom as and M iller (1994) com pared the average
height increm ents of plots of trees which differed
in their m ean scores for defoliation. They also
m easured effects on m ean diam eter increment
(dbh) per plot in the same m anner and found a
sim ilar pattern of response. Diam eter increment
w as reduced in the first year of defoliation,
showed greater reductions (up to 56%) in the
second year, and w as also reduced in the third
year (Table 2.2). The fertilizer treatments in the
experim ent were applied in April 1989 during the
second period of aphid infestation. H eight
growth did not show a response to the nutrient
addition by the end of the study, but stem
diam eters w ere im proved, particu larly in
response to P addition, and there was some
evidence that grow th losses were less severe and
the trees recovered faster where fertilizer had
been applied.

Field experiments
Field experiments on the im pact of E. abietinum
are a relatively new developm ent and have been
established to obtain more precise inform ation on
the relationships betw een aphid density,
defoliation and various measures of tree growth.
Carter (1995) carried out an insecticide exclusion
trial on 15-year-old Sitka spruce in Afan Forest,
south Wales, but aphid densities over the five
year period of observation rem ained low and no
significant effects on tree grow th could be
identified. Subsequently, Straw et al. (1998) have
m anipulated E. abietinum densities in a four-yearold Sitka spruce plantation in H afren Forest, mid
W ales,
using
in secticid e
exclu sion
and
inoculation of trees w ith aphids. N atural aphid
densities also remained low in this experiment,
but the inocu lation treatm ent resulted in
m oderate-severe defoliation and a significant
effect on growth.

The fertilizer treatm ents in the experim ent
studied by Seaby and M ow at (1993) were applied
m uch earlier, several years before the E. abietinum
outbreak w hich defoliated the trees, and tree
growth, the intensity of attack and impact of
defoliation , w ere all related to N and P
application (see below ). The effect of defoliation
on grow th w as calculated by regressing height
increm ents (as a percentage of the pre-outbreak
increm ent) against m easurem ents of needle loss
on in d iv id u al trees, for d ifferent fertiliser
treatm ents or d om inance class. N eedle loss,
caused by in festatio n som etim e during the
previous w inter or spring, was assessed in June.
Subdom inant trees show ed significantly more
needle loss (65%) than dom inant trees (55%), but
their response to defoliation was similar.

The three basic treatm ents in this latter
experim ent (natural infestation, in secticide
exclusion, artificially raised densities) were each
applied to five replicate plots of 25 trees (Straw et
al., 1998). D ifferences in tree perform ance
betw een treatm ents were used to determ ine
im pact on height growth, stem diam eter and
volume, side shoot growth and needle size. Plots
and treatments were established in 1992 and
inoculations with E. abietinum in the high density
treatment were made in April 1994. Aphids were
eliminated from trees in the exclusion treatment
by spraying with pirim icarb (Pirimor®, ICI), a
widely used aphicide w hich is non-phytotoxic to
Sitka spruce and has no apparent grow th
promoting properties (Straw et al., 1996). Aphid
densities, needle loss and tree grow th have been
measured annually up to 1996. Aphid densities
on the inoculated trees reached, on average, 19-20
aphids per 100 needles by June 1994 and caused
38.5% defoliation of the older needles (Straw et
al., 1998). Few aphids were present in 1995 and

The grow th reductions m easured by Seaby and
M ow at (1993) for the first season after defoliation
were, overall, very sim ilar to those observed by
Thom as and M iller (1994), but the conditions on
the site and the subsequent pattern of tree growth
were very different. The fertilizer experim ent had
been laid out on an oligotrophic blanket bog at a
close spacing (1.5 x 1.5 m), and the trees were
evidently severely nutrient lim ited. All trees,
w hether defoliated or not, showed declining
rates of grow th over the period of m easurement,
probably because of increasing com petition for
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Table 2.3 Impact o f E. abietinum on 4-5-year-old Sitka spruce
in Hafren Forest, W ales'. Results from a manipulative field
experiment (Straw et al., unpublished)
P e r c e n ta g e r e d u c tio n in :
*

1995

2 2 .4 %

11.5%

ste m d ia m e te r 2

-

9 .6 %

ste m v o lu m e

-

18 .5 %

1 9 9 4

(a )

in c r e m e n ta l g ro w th
h e ig h t (le a d e r le n g th )

(b )

to tal tree siz e
h e ig h t

11.7%

1 0 .8

%

ste m d ia m e te r 2

-

6 .0

%

ste m v o lu m e

-

11.4%

% defoliation
* y e a r o f d e fo lia tio n (s u b s e q u e n t y e a rs a p h id -fre e )

Figure 2 .2 Relative reduction in height increment in the year of

' e ffe c t o f a n o v e ra ll d e fo lia tio n o f 3 8 .5 % o f th e 1 9 9 1 -1 9 9 3

infestation

n e e d le s p e r tree.

in

relation

to d e folia tion

o f older needles by

E. abietinum: response o f 4-year-old Sitka spruce in Hafren

! a v e ra g e re d u c tio n . R e d u c tio n s in d ia m e te r in c r e m e n t
v a rie d 7 -1 3 % a n d in to ta l d ia m e te r 3 -9 % fo r d iffe re n t

Forest, Wales. Data points are plot means for the high aphid

in te r n o d e s a lo n g th e stem .

density (+++E) treatment (O) and the sprayed (-E) treatment ( • ) .

produced in 1994 was also reduced, but m ainly
on the upper, m ore heavily infested branches
(Straw et al., 1998).

1996. The experim ent also includes treatm ents to
assess the im p act of spruce root aphids
(P achypappa
and
P achypappella
spp.,
Pem phigidae) on the site, but populations of
these insects have been low and have had no
significant effect on the trees.

Impact studies in Norway
Sitka spruce is an im portant tim ber species in
N orw ay even though the m ain com m ercial
conifers are Scots pine (Pinus sylvestris) and
N orw ay spruce (Picea abies). O ver 44 000 ha of
Sitka spruce have been planted in w est and north
N orw ay since the early 1920s. In these regions
Sitka spruce form s 2-4% of the total com m ercial
forest area (spruce, pine and hardw oods) and
10-20% of the area planted w ith spruce (Austara,
p erson al com m u nication ). Th in n in g regim es,
rotation lengths and productivity are sim ilar to
upland Sitka spruce p lan tation s in B ritain
(Bauger, 1961). E. abietinum p op u lation s in
N orw ay are prim arily anholocyclic, although
overw intering eggs are found sporadically as in
Britain (Carter and Austara, 1994), and the m ain
population peak occurs in late spring or early
summer.

A com parison of the grow th of trees inoculated
w ith E. abietin um w ith those in the other
treatm ents gives an estim ate of the im pact of a
typical, m od erate-to-severe period o f spring
infestation (Table 2.3). Leader grow th in 1994 was
reduced significantly, by an am ount sim ilar to
that recorded in exp erim en ts on pot-grow n
plants and after som e natural outbreaks, and was
also reduced in the follow ing year, although by a
lesser am ount. The degree of grow th loss was
related to the am ount of defoliation (Figure 2.2).
Stem diam eter and volum e increm ents were not
affected in-1994, the year of infestation, but were
reduced in 1995 (Table 2.3).
A lthough the overall am ount of defoliation per
tree in this experim ent appears rather low, aphids
and needle loss were not equally distributed
through the canopy and w ere con cen trated
toward the top. The 1993 leader shoot and upper
w horl branches of trees in the high aphid density
treatm ent lost 60-70% of their older needles, on
average, w hereas side shoots on the low er
b ran ch es lost less than 5% . R ed u ction s in
subsequent shoot grow th follow ed this pattern
w ith the leaders being m ost affected and the
bottom side shoots the least. The size of needles

The first serious outbreak of E. abietinum on Sitka
spruce in N orway occurred in 1957 and further
m ass-o u tb reaks h ave occu rred subsequently,
affectin g
p lan tation s
from
sou th ern -m ost
counties to the far north (Orlund and Austara,
1996). H eavy infestations occurred in coastal
districts of M ore and Rom sdal county during the
period 1987-1990 and, follow ing this infestation,
Orlund and Austara (1996) took the opportunity
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period of infestation and continuing for some
tim e afterw ards (Figure 2.3). M inim um ring
widths occurred six years after first infestation,
being preceded by several years of declining
growth and followed by 2-3 years of recovery. For
trees >15cm dbh, annual ring w idths were
suppressed on average by 18.5% for 7 years
compared with the controls, a loss in growth
increment of 1.3 years of norm al grow th (Figure
2.3(b)). Effects on the largest trees were stronger.
Average ring widths in trees >20cm dbh were
reduced by 40.5% for 8 years, equivalent to
3.2 years of norm al growth (Figure 2.3(a)).
Growth loss was less pronounced for the sm aller
diam eter size classes and the sm allest trees even
showed a relative increase in growth during the
first 4 years of infestation. This was probably
related to heavier and earlier defoliation of the
taller, dom inant trees which allowed m ore light
to reach canopies lower in the stand. Diam eter
grow th of the sm aller trees declined later,
presum ably as the taller trees regained their full
com plem ent of foliage. Flowever, the m axim um
reduction in annual increm ents observed in the
two sm aller diam eter classes w as only 20%
compared to 55% for trees >15cm dbh and 64%
for trees >20cm dbh. The im proved light
environm ent follow ing defoliation appeared, at
least initially, to benefit the sm aller trees and may
perhaps have m ore than com pensated for a
m odest am ount of defoliation.

Year

Figure 2 .3 Effects o f defoliation by E. abietinum on the diameter
growth o f pole-sized Sitka spruce in west N o rw a y (from O rlund
and Austara, 1996). (a) trees with dbh > 20cm; (b) trees with
dbh > 15cm; •

mean annual ring widths o f uninfested, control

trees, standardised to 100%; ■ corresponding ring widths for
infested trees, as a percentage o f the controls.

to com pare the diam eter grow th of defoliated
and undefoliated trees. Core sam ples were taken
from trees in tw o defoliated plots and one
und efoliated plot near M olde, in Fraena
municipality, in 1993 and two of these plots were
re-sampled in 1995. Trees in the re-sampled plots
were 42 years old at the second sampling date.
Both of these plots were located in the same stand,
with one plot in part of the stand which was
naturally infested and the other 30 m away in a
part of the stand which had remained uninfested.
190 and 271 trees were sampled in each plot,
respectively, and these were divided into three
size classes (dbh > 15cm, dbh 12-15 cm, dbh
<12cm ). M ean annual grow th rings for the
defoliated and undefoliated trees in each class
were analysed separately. Trees with dbh >20 cm
were also analysed as a separate group. Ocular
assessm ents of canopy condition in 1993 indicated
that defoliation was com parable to the moderate
to severe rating of Thom as and Miller (1994).

Impact studies in Iceland
Sitka spruce is an im portant com ponent of
reforestation program m es in Iceland, but it has
suffered a series of m ajor E. abietinum outbreaks
since the aphid w as introduced into the country
in 1959 (Chapter 1). At the time of settlem ent in
the late 9th century birch scrub and forest is
thought to have covered some 25-30% of Iceland
(Thorsteinsson, 1972). These w oodlands were
more or less destroyed soon after settlem ent and
today forested land covers only 1% of the
country. Deforestation led to trem endous soil
erosion and today 60% of the country is barren
(Blondal, 1994). R eforestation began at the
beginning of this century and m any tree species
were introduced in trials (Bjarnason, 1957).
Suitable provenances of Sitka spruce were not
introduced, however, until the 1930s, although
attempts were m ade to cultivate seedlings during
the earliest years (Flensborg, 1905). Since then
m any provenances from A laska h ave been
planted and Sitka spruce has becom e one of the
m ost im portant tree species (Freysteinsson, 1995).
Mean annual volum e increm ent of young Sitka

The defoliated trees, particularly those in the
larger diam eter classes, show ed a protracted
period of reduced grow th starting during the
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stands varies betw een 4 and 10 m 3 ha'1 y r '1
(Blondal, 1996). Since 1945 Sitka spruce and other
N orth A m erican spruces, e.g. Picea engelm annii
Engelm ., P. glauca (M oench) Voss and P. x lutzii
Little, have represented 10% of total plantings,
am ounting to som e 4-5 m illion trees annually
over the past decade. By far the largest areas
suitable for production forestry are in South
Iceland and in 1997 p arliam en t approved a
resolution to substantially increase funds for
afforesting inland sites in the southern region.
Sitka spruce w ill be the m ain species planted.

dbh and total height were also m easured. Core
sam ples were taken at breast height from each
tree during the w inter of 1992-93 and 1993-94,
and further sam ples w ere taken during the
w inter of 1995-96. Annual rings w idths in the
cores were m easured (to the nearest 0.1 m m ) at
the N orw egian Institute for Forest R esearch
(N ISK ) in Bergen. L ead er length of all the
sam pled trees has been m easured annually since
1992. The length of previous leaders back to
1983-84 were m easured retrospectively during
the w inter of 1993-94.

Green spruce aphid is the only significant insect
pest on Sitka spruce in Iceland. M ajor outbreaks
have occurred in 1964, 1977, 1984,1987, 1991 and
1996 (Ottosson, 1985; Blondal, 1988; Chapter 1).
Sitka spruce and other N orth A m erican spruces
were heavily defoliated during these outbreaks,
all of w hich involved severe infestation during
the autum n /early winter. Studies designed to
estim ate the influence of aphid attacks on the
grow th of Sitka spruce in Iceland w ere initiated,
therefore, in view of the key role w hich Sitka
spruce and other spruces will play in future
reforestation.

Effects on height and diam eter growth
H eight and diam eter increm ents of the trees in
the three dam age classes at H allorm sstadur were
sim ilar up to 1987. Since then a clear
differentiation can be seen to have occurred
follow ing the outbreaks in 1986-87 and 1990-91,
both in diam eter and height increm ent (Figures
2.4 and 2.5). The diam eter increm ent of the
defoliated trees w as redu ced b y c. 10-20%
com pared w ith the slightly/undefoliated trees in
1988. The increm ent of the severely defoliated
trees was further reduced in 1989, w hereas trees
w ith lighter dam age m ade a slight recovery. The
situation rem ained m ore or less stable in 1990
and 1991, but a large reduction in diam eter
increm ent in defoliated trees occurred in 1992,
w hen the increm ent of the severely defoliated
trees w as reduced by over 50% and that of the
m oderately dam aged trees w as reduced by about

Field studies
Four locations for m easuring the influence of
E. abietinum on tree grow th were selected during
1992 follow ing the aphid outbreak of 1991. Two
of the study sites were located in East Iceland
(H allo rm sstad u r and Jorv lk ), one in South
Iceland (Tumastadir) and one in West Iceland
(Sauraskogur). The m ain study area has been
Hallorm sstadur, however, since this is the only
site w hich is hom ogenous both in term s of site
conditions and plant m aterial.

(a)

The site at H allorm sstadur is about 2 ha in area
and w as p lanted w ith C ord ova (A laskan)
provenance Sitka spruce in 1960. The first m ajor
outbreak of E. abietinum on this site occurred in
1986-87. A second, m ore severe outbreak started
in 1990 and culm inated in 1991. Initial sam pling
and
estim ates
of
d efoliation
rate
at
H allorm sstadur and the other three sites w as
carried out in 1992. Sam ple trees representative of
three d ifferen t classes o f d efoliation w ere
selected: Class I, slight or no defoliation (0-10%
n eed le-loss); C lass II, m od erate d efoliation
(15-40% needle-loss); Class III, severe defoliation
(50% + n eed le-loss). Th ese classes w ere not
selected to rep resen t the average degree of
defoliation at each location, but were used to
provide com parative m aterial betw een w hich
grow th losses could be determ ined. N eedle-loss
for each sam ple tree w as estim ated visually and

Year

Figure 2 .4 Annual diameter increments (a) and annual height
increments (b) o f 36 year-old Sitka spruce a t Hallormsstadur,
Iceland, for the period 1 9 8 2-1996. ...<j.. slightly /undefoliated
trees (Class I: 0-10% needle loss);
trees (Class II: 15-40% needle loss);
trees (Class III: >50% needle loss).
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moderately defoliated
A

severely defoliated

reduced for the first time in 1988. A sim ilar
pattern was observed after the 1990-91 outbreak.
Diam eter increm ents recovered earlier. Growth of
trees at the other sites showed a sim ilar pattern
(H alldorsson and Benedikz, u npublished),
although the recovery of trees at the other sites
was faster than at Hallormsstadur. The reason
m ay be that the inner Fljotsdals area, to which
H allorm sstadur belongs, is clim atically too dry
for Sitka spruce to realise its full grow th
potential, except on sites which receive ample
soil moisture. The annual height increm ent on
this site seem s to be slowing down unusually
early, possibly indicating that the trees have
reached the size at which m oisture m ay be
lim iting growth.

(a)

(b)

Year

Figure 2 .5

Annual

diam eter

increments

(a) and

Influence of environmental and
climatic factors on impact

height

increments (b) o f m oderately (Class II) and severely (Class III)
defoliated Sitka

Environm ental and clim atic factors can m odify
the im pact of E. abietinum on spruce through
three different routes: (1) they can prom ote
greater aphid population densities which will
cause more damage; (2) they m ay change the
relationship betw een aphid densities and needle
loss, and (3) they m ay m odify the grow th
response of the trees to a given rate of infestation
or needle loss. Temperature and related clim atic
factors, w ithin their norm al range of variability,
influence im pact through their effect on aphid
population developm ent (Chapter 4) and form an
integral part of any study on the interaction
betw een E. abietinum and spruce. Extrem e
clim atic conditions, how ever, and certain
anthropogenic factors can m odify im pact over
and above that which would otherwise norm ally
occur. Such factors include nutrient supply, as
influenced by fertilization, atm ospheric pollution
and drought.

spruce relative to the increments o f the

slightly/undefoliated trees at Hallormsstadur, Iceland, for the
period 1 9 82-1996.

Class II trees (15-40% needle loss);

- A - Class III trees (>50% needle loss).

33% com pared w ith the slightly/undefoliated
trees. By 1995 the m oderately defoliated trees had
alm ost recovered, w hilst the severely damaged
trees had only m ade a slight recovery (Figure
2.5a).
A som ew hat different pattern was observed for
height growth. A relative reduction in height
increm ent of defoliated trees was observed in
1987 and this trend continued until 1989 as far as
the m ost affected trees were concerned, when
height increm ent of these trees was reduced by
25% com pared w ith that of the slightly/
undefoliated trees. The situation was less clear
for trees w ith 15-40% needle loss. Both defoliated
classes of trees suffered a further loss in
increm ent in 1991 and this developm ent
continued until 1995, w hen height increm ent of
the m ost affected trees w as only about a third of
that of the slightly/undefoliated trees. Recovery
of defoliated trees started in 1996 (Figure 2.5b).

Fertilization
The fertilizer experim ents of Seaby and M owat
(1993) and Thom as and M iller (1994) provided an
opp ortunity to com pare the im pact of
E. abietinum on trees grow ing under different
inputs of nitrogen (N) and phosphate (P). The
experim ent studied by Seaby and M ow at (1993)
was laid out on a nutrient deficient blanket bog
and the initial fertilizer treatm ents had been
applied by ground application in 1975, five years
before the E. abietinum outbreak. Tree growth
responded strongly to N and P addition (Table
2.4), but n u trients appear to h ave becom e
increasingly limiting as time progressed and by
the end of the study some trees were show ing
signs of growth check.

These results show that E. abietinum has a very
considerable effect on the grow th of Sitka spruce
in Iceland and that the trees are slow to recover.
The response of diam eter increm ent to aphid
attack seem s to be different to the response of
height increm ent. Reduction in height increm ent
occurred im m ediately after attack, whereas there
was a lag of one year before diam eter increm ent
w as affected . Thus h eig h t increm ents w ere
reduced in 1987 follow ing initial infestation in
autum n 1986, w hereas diam eter increm ents were
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am eliorate som e of the effects of severe
E. abietinum outbreaks and speed the recovery of
the trees by replacing som e of the N and other
nutrients lost during needle fall.

Table 2 .4 Interaction between the im pact o f E. abietinum and
fertilizer treatment (after Seaby and M ow at, 1993)
F e r tiliz e r

% r e d u c tio n

tr e a tm e n t 1

in le a d e r
le n g th a t

le a d e r le n g th at
z e r o d e fo lia tio n

1 0 0

d e f o lia t io n 2

%

a s a p e r c e n ta g e o f

Atm ospheric pollution

th e m e a n 1 9 7 7 -7 9
le a d e r le n g t h 1

87%

NO

28%

N 1

30%

8 6

N 2

30%

94%

N 3

42%

1 0 5%

%

PI

28%

8 8

P 2

32%

9 5%

P I, NO

1 0

P 2, N 3

45%

%

M cN eill and W h ittaker (1990) found that
sh ort-term exposure of potted Sitka spruce
seedlings pre-fum igated w ith 100 ppb (nl litr e 1)
S 0 2 increased the m ean relative grow th rate
of E. abietinum, suggesting that S 0 2 pollution
m ight lead to higher E. abietinum populations
(C hap ter
8).
T his
w as
con firm ed
by
the fu m igation exp erim en t conducted by
W arrington and W hittaker (1990) w hich looked
at the interaction of SO^ drought and E. abietinum
on the grow th of pot-grow n Sitka spruce.
A phid n u m bers on w atered, two year old
trees that w ere m ain tain ed in 25 nl li t r e 1
S 0 2 b etw een 28 A pril and 28 Ju n e reached
985 ± 223 (s.e.) per tree by the end of
the exp erim en t (follow ing ad d ition of four
aphids per tree on 28 April), w hereas aphid
num bers on w atered trees grow n in am bient air
reached only 309 ± 90 aphids per tree.

%

7 5%
110

%

' N 0 -3 , fo u r n itro g e n le v e ls irre sp e c tiv e o f p h o s p h a te
le v e l; P 1, 2, tw o p h o s p h a te le v e ls irre sp e c tiv e o f N
le v e l; P I N O a n d P 2 N 3, c o m p a ris o n o f th e lo w e s t an d
h ig h e s t le v e ls o f fe rtiliz e r a p p lic a tio n .
! c a lc u la te d a s th e s lo p e o f th e re g re s s io n o f m e a n 1980 -8 1
le a d e r le n g th a s a p e r c e n ta g e o f 1 9 7 7 -7 9 (p r e -d e fo lia tio n )
le a d e r le n g th a g a in s t d e fo lia tio n o f 1 9 7 7 -7 9 n e e d le s.
1

c a lc u la te d a s th e in te r c e p t c o n s ta n t o f th e re g re ssio n o f
1 9 8 0 -8 1 le a d e r le n g th (a s a b o v e ) a g a in s t d e fo lia tio n .

Follow ing defoliation by E. abietinum in 1979-80,
the intensity of attack w as related to the level of
nutrition. Trees in the high N plots tended to be
m ore heavily defoliated than trees in the low
N plots. The degree of grow th reduction showed
the sam e trend and w as significantly different
betw een treatm ents (Table 2.4). Im pact on growth
w as greater in the high N and high P plots. There
w as an inverse correlation betw een im pact on
height increm ent and potential leader length that
could have been achieved, as related to nutrient
supply (Table 2.4). This w as probably because the
capacity of the m ost nutrient lim ited trees to
respond to defoliation w as restricted because of
their generally poor perform ance.

Sulphur dioxide had no direct affect on plant
grow th (i.e. grow th loss w as little affected by
pollu tion alone), but grow th loss caused by
E. abietinum was broadly proportional to the
num ber of aphids. Consequently, because S 0 2
prom oted higher aphid num bers m ore dam age
w as caused to the SO , fum igated trees.
A significant interaction in the effect of aphid and
S 0 2 w as seen only in leader extension grow th and
root DW. Both were reduced by more, 22% and
26% respectively, than would have been expected
from the ad d itiv e effects on these grow th
param eters of aphids and S 0 2 acting alone.
Drought

Thom as and M iller (1994) looked at a more
typical Sitka spruce plantation and com pared
sim ulated w et deposition of N and N PK M g with
ground applications. However, their treatm ents
w ere first applied only at the tim e of the
E. abietinum infestation and they did not find any
significant difference betw een the intensity of
attack and fertilizer addition. Potential height
increm ent and the response to defoliation were
not related to fertilizer treatm ent, but diam eter
increm ents w ere affected. N addition caused
a 12% increase in d iam eter in crem en t and
P addition a 23% increase, and it appeared that
the reduction in diam eter grow th w as less, and
recovery follow ing defoliation w as m ore rapid,
on trees in the high nutrient regim es. There was
som e evidence, therefore, that fertilization m ight

W arrington and W hittaker (1990) found that,
unlike SO^ drought had a large, direct effect on
Sitka spruce, sim ilar to that caused by aphids
alone, but that the com bined affects of drought
and aphids were less than additive. D rought had
little effect on aphid num bers. A phids on plants
in am bient air w hich were not w atered after
25 M ay reached 422 ± 61 aphids per tree, a
1.5-fold (but not significant) increase over aphids
on plants kep t in am bien t air and w atered
throughout the experim ent. D rought and aphids
in teracted significantly for three param eters:
current season above ground grow th, root DW
and total plant DW. In all cases, the interaction
indicated a less severe effect than that expected.
The reason for less than additive affects m ay have
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been that the effects of drought and aphids alone
were so severe that there w as insufficient
capacity left in the trees to show any further
substantial grow th loss.

the leader shoot produced in the year of attack
w as alw ays reduced. In Iceland, w here
populations of E. abietinum peak in the autum n
after the trees have becom e dormant, height
increments were affected in the following year.
A t H allorm sstadur, h eigh t increm ents w ere
reduced for 3-5 years after each tw o-year
outbreak. Other studies have only monitored
height growth for two years, but the reductions
in growth in the second year suggest that in these
cases also height increm ents would not have
returned to norm al in the third or perhaps even
the fourth year after infestation.

Interaction between factors
Drought m ade trees fum igated w ith S 0 2 less
acceptable to E. abietinum. Aphid populations
reached 626 ± 140 aphids per tree in the drought
x S 0 2 fum igation treatment, compared with the
>900 aphid s per tree in the w atered x S 0 2
fum igation treatm ent. However, this was still
twice the num ber of aphids on the control trees
(i.e. w ell-w atered trees in am bient air).
Consequently, grow th loss was less than for
watered trees fum igated w ith S 0 2, which carried
higher aphid populations, but was more than for
w atered and drought-stressed trees grown in
am bient air. Overall, the capacity of low S 0 2
concentrations to increase aphid populations had
a greater effect on tree growth than that caused
by drought, even though the latter was severe
and reduced grow th directly.

The am ount by w hich h eigh t increm ents
are reduced is fairly consistent. The experim ents
and the field observations of Seaby and
M owat (1993) and Thom as and M iller (1994) all
indicate a red uction in h eigh t increm ent of
10-30% after severe or com plete spring/early
sum m er defoliation. Carter (1977) and Carter
and Nichols (1988) obtained higher estimates,
but this may have been the result of the trees
being defoliated very early in the spring, well
before budburst. C arter (1977) described an
experim ent in w hich 2-year-old Sitka spruce
were defoliated by hand in D ecem ber or in
May. D ecem ber d efoliation reduced leader
growth by 37% in the follow ing sum m er and the
total length of shoots produced by 54%,
whereas May defoliation reduced leader length
by 17% and total shoot length by 27%. Even
though artificial defoliation is probably not a
good sim ulation of the effects of E. abietinum,
these results show that needle loss in the autum n
has a greater effect on growth than needle loss in
the spring. This m ight be expected since trees
w ould be left w ithout needles for a m uch longer
p eriod before new foliage developed after
autum n defoliation, during which time reserves
would be depleted to a greater extent. Autumn
d efoliation
w ould
also
im pair
w inter
photosynthesis which is im portant for building
up nutrient reserves prior to the start of the
growing season (Bradbury and Malcolm , 1978).
Even after bud-burst, earlier infestation has a
greater effect on grow th than later infestation
(Straw and Green, u np ublished; Table 2.1).
Consequently, earlier infestation may explain the
greater im pact observed by Carter (1977) and
Carter and N ichols (1988), although it is possible
that differences in site and clim atic conditions
also played a part.

The only significant interaction betw een SO t,
drought and aphids on growth was in root DW
where the com bined effect was less than additive
(22% less than expected from the independent
effects), although this result m ay have been
affected by the early harvest date. It is also
possible that, as above, there was insufficient
plasticity left in the grow th response of the trees
w hen all of the different environm ental factors
were combined.

Discussion
Studies on the im pact of £. abietinum provide
exam ples of all of the various m ethods which can
be used to quantify the effects of insects on tree
growth: experim ents on young trees in pots or in
the field, and observational and tree ring studies
on older trees in plantations. Each m ethodology
has particular lim itations and produces different
kinds of results, and any general patterns in tree
response identified m ust take these lim itations
into account. However, several key features of
the response of Sitka spruce to E. abietinum have
em erged, particularly in relation to effects on
height grow th and differences in the response of
height and stem diameter.
Effect on height growth

Because autum n defoliation seem s to have a
relatively greater affect on tree grow th,
E. abietinum m ight be expected to have a greater
im pact on Sitka spruce in Iceland than in the

Infestation by E. abietinum in spring or early
summer, before or at the tim e of shoot extension
grow th, h as an im m ed iate effect on height
increm ent. In Britain and Ireland, the length of
27

other European countries. However, reductions
in h eigh t (and d iam eter) in crem en ts at
H allorm sstadur were sim ilar to those observed in
Britain and Ireland. The studies are too different
to allow any closer com parison.

response in stem diam eter (and stem volum e)
in crem en t in Sitka spruce is not, therefore,
unexpected. Day and M cC lean (1991) analysed
the effects of endem ic populations of E. abietinum
on the grow th of 10-18 year old Sitka spruce in
N. Ireland and found that diam eter increm ents
(as basal area) were m ost closely correlated w ith
aphid densities recorded tw o years previously.

D ifferences in the response o f height and diam eter
grow th
Several stu dies recorded effects on h eigh t
and diam eter increm ents concurrently, allow ing
a direct com parison to be m ade of the response
of these grow th param eters. The experim ental
results from H afren Forest and observations
from H allorm sstadur indicate that stem diam eter
in crem en ts are not reduced im m ediately, in
the sam e year as spring infestation or in the
grow ing season after autum n attack, but are
affected one year later (Table 2.3, Figure 2.5).
Straw and G reen (un pu blished ) also found
that the m ain affect on d iam eter in crem en t
occurred in the second season after spring
infestation. In their early infestation treatment,
stem d iam eter in crem en t w as redu ced, on
average, by 8% in the year of infestation, and
by 14% in the follow ing year.

H eigh t grow th m ay also show a delayed
response to defoliation (Kulman, 1971; Straw,
1996), b u t several stu dies h ave sh ow n an
im m ediate effect on height in the year of dam age
(e.g. Rook and W hyte, 1976; Britton, 1988). In
these cases, defoliation occurred early in the year
at the tim e of shoot extension. Consequently, the
im m ediate response of height grow th in Sitka
spruce to spring /early sum m er infestation w ith
E. abietinum suggests a strong influence on shoot
grow th at the tim e of infestation. M ost needles
attacked by E. abietinum do not fall until July, a
m onth after peak infestation and after shoot
extension is com plete, and a proportion do not
fall until the autum n (Straw et al., 1998). This is
too late to have an influence on leader grow th in
the current year. The decrease in height grow th is
more likely to be caused, therefore, by a direct
effect of aphid feeding during the period of shoot
developm ent. Both D ay and M cC lean (1991) and
Straw et al. (1998) found that height increm ents in
the season o f in festatio n w ere m ore closely
correlated w ith peak aphid densities than with
su bseq u ent n eed le loss. In con trast, stem
diam eter grow th generally occurs later, in July
and August, w hen aphid num bers have declined,
and as a result m ay be less directly affected.

In contrast, Thom as and M iller (1994) found that
effects on diam eter increm ent were sim ilar to
those on h eig h t in crem en t (Table 2.2). Both
param eters were reduced in the year in which
defoliation w as first recorded and by about the
sam e am ount. However, the height increm ents of
trees recorded as m ost severely defoliated in this
study were also relatively sm aller in the previous
year, before defoliation w as assessed. This could
m ean that aphids colonised slow er grow ing trees
on this site preferentially (although see Chapter
7), but it could also indicate that there was
sig n ifican t in festatio n in the sprin g o f the
previous year and that height increm ents were
affected initially a year earlier. If this were the
case, then the observed effect on diam eter could
be the . m ain effect occurring after a lag o f one
year, com patible w ith the delayed effect seen in
other studies.

Evidence is em erging, therefore, that infestation
by E. abietinum affects h eigh t and d iam eter
increm ents in different ways. The aphid has a
relatively large and im m ediate effect on height
growth, probably because of a direct effect of
aphid feeding, w hich is follow ed by a delayed
effect on stem diam eter and further effects on
height increm ents, attributable to the loss of
needles and com parable to the lagged response
seen in other defoliator-tree system s. It appears
that observations on height grow th are not a
good guide, therefore, to the effects of
E. abietinum on stem diam eter or volume.

A delay of one year in the m ain response of stem
diam eters to defoliation is the m ore typical
reaction (Straw, 1996). Reductions in grow th in
the year of attack are usually lim ited because
grow th is largely predeterm ined at the tim e of
bud set at the end of the previous season
(Kulm an, 1971; Kozlow ski et al., 1991). In the year
in w hich dam age occurs, reduced photosynthetic
capacity and the sm aller quantity of reserves
accum ulated im pairs the form ation of bud and
cam bial prim ordia and leads to a decrease in
grow th in the follow in g season. A delayed

Response o f sm all and large trees
Estim ates of the cum ulative effect of E. abietinum
on final tree size can only be obtained by using
m athem atical m odels to integrate the effects of
successive aphid outbreaks over the life of the
stand (Chapter 3). It is im portant in this process
that the m odels describe the response of trees to
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defoliation accurately at all stages of the rotation.
However, in Britain and Ireland, the oldest trees
studied were 15 years old (Seaby and Mowat,
1993), w hereas spruce stands are typically felled
betw een 40 and 60 years. The stands investigated
in N orw ay and Iceland were 26-37 years old at
the tim e of defoliation, but it cannot be taken for
granted that the response of trees in these
clim atic regions will be the same as in other
countries. A ll detailed experim ental work has
been on trees <6 years old. Consequently, the
im pact of E. abietinum in the second half of the
forest rotation is not represented by empirical
studies in Britain and Ireland, and only by
observational, tree ring studies elsew here.
P ole-sized or old er trees m ight respond
differently to infestation than young trees, hence
calibrating m odels against current em pirical data
may m isrepresent the true im pact of E. abietinum
during the latter half of the rotation and lead to
inaccuracies in estim ates of the effect on timber
yields.

reduced for a relatively long period, at least 7-8
years, but this followed 4 years of infestation. The
severely defoliated trees at H allorm sstadur in
Iceland showed reduced diam eter increm ents for
2-4 years follow ing two years of infestation,
which is similar to the response of younger trees,
but growth m ay have been declining on this site.
It seem s that the only reliable m ethod of
determ ining
w hether
tree
responses
to
infestation change over the life-time of a stand is,
at som e point, to attem pt equ ivalen t and
com parable experim ental studies on pole-sized
trees grow ing under typical closed -canopy
plantation conditions.
Influence o f nutrient supply
pollution

and

atm ospheric

Even though research is lim ited, n utrient
availability to Sitka spruce and atm ospheric
pollu tion appear capable of in flu en cin g the
interaction betw een E. abietinum and its hostplant. Trees fertilised with higher rates of N or P
had potentially faster grow th rates than
unfertilised trees, but they were also subject to
higher rates of defoliation and suffered greater
relative reductions in height increm ent (Seaby
and M ow at, 1993). It is not clear, how ever,
whether the increased attack outweighed the
benefits of nutrient addition or whether, despite
more intense defoliation, fertilized trees still
achieved overall better height growth. Thom as
and M iller (1994) found that fertilizer treatments
applied at the time of infestation had no effect on
defoliation rate, but m ay have h elp ed to
ameliorate the im pact on diam eter increm ent and
speed tree recovery.

There are good reasons to suspect that older trees
in plantations m ay suffer m ore from defoliation
than you n g trees. C om petitive interactions
between trees in a closed stand are more intense
than in pre-thicket crops, and the ability of trees
to replace lost foliage is hindered once the canopy
has closed. Young trees grow ing in open
cond itions
p rod uce
new
foliage
alm ost
exponentially in that the mass of new foliage
greatly outw eighs the m ass of older needles by
m id-summer. In H afren Forest, current season
growth form ed 65-70% of total shoot length and
total needles once it had developed (Straw et al.,
1998). Young trees can replace lost foliage quickly
and are likely to recover faster. In a closed stand,
canopy size rem ains m ore or less constant. As
new foliage is produced, older foliage below is
shaded out and dies. In these situations, different
shoot coh orts m ake up m ore or less equal
proportions of the total canopy and the current
grow th form s a relatively sm aller proportion of
the total (Straw and Fielding, unpublished). As a
result, trees in the later stages of the rotation will
not replace lost needles as quickly and the effects
of defoliation w ill last for longer. Furthermore,
the distribution pattern of aphids and needle loss
in the canopy m ay differ betw een small and large
trees, w hich m ay result in different, responses to
attack, especially in relative effects on height and
diam eter increm ent.

Higher rates of defoliation on fertilized trees
suggests im proved aphid developm en t and
reproduction on foliage that is richer in nitrogen
or other n utrients, leading to h igh er aphid
population densities. A sim ilar effect appears to
occur on trees fumigated with S 0 2. Individual
and population growth rates of E. abietinum were
increased on plants exposed to elevated S 0 2
concentrations (M cN eill and W hittaker, 1990;
Warrington and Whittaker, 1990). S 0 2 had no
direct effect on spruce grow th at the raised, but
realistic concentrations studied, but because the
effect of the aphids w as roughly proportional to
their number, fum igation resulted in a greater
im pact on grow th becau se of the higher
pop ulations of aphids generated. O ther
atm ospheric pollutants m ight affect tree grow th
and aphid densities simultaneously, but for these
and most other environm ental factors, there is no
inform ation of how the im pact of E. abietinum
m ight be modified.

Com parisons betw een studies do not indicate
any consistent differences in the response of
sm all and large trees to infestation. The diameter
grow th of pole-sized trees in w est N orway was
29

Carter, C.I. and A u stara, 0 . (1994). The
occurrence of m ales, oviparous fem ales and
eggs w ithin anholocyclic populations of the
green spruce aphid E latobium abietinum
(W alker) (H om optera: A ph id id ae). Fauna
N orvegica Series B 41, 53-58.
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Chapter 3

Growth costs to plantations: modelling the
cumulative effect of defoliation by Elatobium
abietinum
Timothy J. Randle and Anthony R. Ludlow

Summary
The process m odel G RO M IT developed by the British Forestry Com m ission was used to sim ulate the
long-term effects of periodic defoliation by Elatobium abietinum on Sitka spruce (Picea sitchensis). The
m odel calculates total assim ilation and allocates carbon according to the pipe-m odel to predict
individual tree growth. Different age classes of foliage are incorporated, and all age classes except the
m ost recent are allow ed to be affected by defoliation. A brief description of the m odel is given, together
with sim ulation results for defoliation rates of 0, 25%, 50%, 75% and 100%. D efoliation w as set to recur
every 6 years and stand developm ent w as sim ulated for 50 years.
Defoliation caused an im m ediate reduction in diam eter increm ent of up to 40%. A t the 100% defoliation
rate, cum ulative yield (stem m ass) w as reduced by 16% and absolute stem volum e w as reduced by 20%
by the end of the sim ulation. As the trees becam e older and larger, recovery times increased. Light
defoliation had little effect on long-term growth. Further sim ulations show ed that single episodes of
severe (100%) defoliation early in the rotation, at ages 6 and 12, had negligible effect on final yield.
D evelopm ent of the m odel w ill require better param eterisation to describe spruce grow th under
different site and regional conditions, inclusion of w ithin year susceptibility of tree grow th to attack, and
m odifications to describe the distribution of defoliation w ithin the crow n in a m ore realistic manner.
The m odel could then be used to predict the effects of different intensities, frequencies and durations
of defoliation.

Background
cum ulative effects on grow th are m ore relevant
to the form er and m odels w hich indicate w hen
attacks are likely to occur will be m ore im portant
to the latter. This chapter considers the type of
process m od el requ ired to sim u late the
cum ulative im pact of repeated attacks on growth
and describes som e of the w ays in w hich im pact
m ight be estim ated.

Elatobium abietinum , the green spruce aphid
in fests spruce throu gh ou t n orth ern Europe.
A ttacks by the aphid are sporadic, although
serious infestation seem s to occur every 3-6 years
in Britain, often preceded by a year of less
in ten sive in festatio n (Carter, 1977). N ew ly
developed foliage is resistant to the aphid, w hile
older needles are susceptible and can be highly
defoliated.

The tendency for E. abietinum to affect only the
older needles m eans that infestation rarely causes
significant tree m ortality (Bevan, 1966; Parry,
1976). This m eans that treatm ents to control the
aphid are rarely applied, hence the im portance of
assessing cum ulative effects on yield. M odelling
is p erhaps the only p ractical m eth od for
estim atin g cu m u lativ e effects, and m odels,
especially process m odels, m ight also m ake it
possible to address other questions. For exam ple,
is the timing of attack w ithin the forestry-cycle

The m ajority of spruce crops are grow n for
timber, although for som e spruce there is a
m arket for young trees, for exam ple N orw ay
spruce (Picea abies) Christm as trees. For tim ber
crops, the m ain cause of con cern follow ing
infestation is the potential for E. abietinum to
reduce tree grow th and hence yields, w hereas for
Christm as trees the m ain concern is the loss of
n eed les and the ad verse effect on p h ysical
appearance. M athem atical m odels that estim ate
32

critical, i.e. are young trees m ore or less able to
recover after serious attacks than older trees? Is
there an identifiable threshold of attack up to
which trees m ay w ithstand defoliation without
serious loss of production? To what extent are the
frequency and duration of attacks crucial?

If height growth is reduced following infestation,
then on subsequent visits, a lower yield class
might be allocated to the stand as the top heightage relationship will have altered. It is possible
that trees m ight regain their form er vigour and
even 'm ake good' single set-backs and return to
their original yield class. H owever, w ithou t
sufficient em pirical data on the effects of
defoliation, it is not possible to use such models
to predict changes in growth patterns.

Em pirical m odels are unable to answer such
questions unless there is a large database of
observations where infestation and yields have
been categorised . G iven the large set of
com bin ation s and perm u tation s of tim ings,
frequency and d u ration of attacks that are
possible, such a set of data is unlikely to be
obtainable in sufficient detail for such m odels to
be developed. In contrast, m odels which are
based on biological principles have m uch greater
flexibility and m ay be better able to answer
questions about the im pact of defoliation on
forest productivity.

Why process models can help
M any organisations involved in com m ercial
forestry and scientific research have developed
w hat are termed 'process m odels'. Such m odels
simulate the various biological, bio-chem ical and
physical processes that occur during tree growth.
Some 'deep' models are very detailed in a few
processes. Other 'broad' m odels have a wider
range of processes simulated in less detail. The
detail in w hich each process is sim ulated
depends on the specific objectives of the model.

Empirical models: yield tables
Yields from stands of m ature trees are usually
predicted by m eans of a yield table. These are
em pirical m odels, w hich take into account a
range of m anagem ent treatm ents, and they have
been built up from m any observations of real tree
growth and yield. In Britain, these models are
sum m arised in the Forestry Com m ission Yield
Tables (Edw ards and Christie, 1981).

Because of the com plexity of the processes
involved in tree growth, and their interactions
with the environment, no m odel is ideal (or is
likely to be) for describing grow th in all
situations. In addition, many of the m odels are
being developed further and alternatives are
being explored. The ideal m odel for defoliation
studies remains to be developed.

The Forestry C om m ission yield tables are
unusual in Europe because they do not use local
vegetation or clim ate as a predictor of site quality.
Instead, the tables for each spacing and thinning
treatm ent consist of a fam ily of curves, one for
each yield class. The curve (yield class)
appropriate to a particular site is specified by the
dom inant (top) height achieved by the stand by a
specified age, e.g., 20 years. Given an initial
p lantin g d en sity and typ ical m anagem ent
regime, the yield class gives an estimate of future
production. This leads to a prediction of yield
over years to come. The greatest return in terms
of average volu m e per year occurs w hen
harvesting is at the time of m axim um m ean
annual
in crem en t.
For
Sitka
spruce
(Picea sitchensis) of yield class 14, with an initial
spacing of 2.0 m and a m anagem ent strategy
of in term ed iate thinning, this w ould be at
age 58 years.

The process m odel developed by the authors has
most of the necessary features for describing
defoliation impacts on yield and has been used to
produce some initial sim ulations of the effects of
defoliation by E. abietinum. The structure of the
m odel and the calcu lations it m akes are
explained in som e detail in the technical
description (Ludlow and Randle, 1991). A brief
description of the model and some initial results
are presented in the follow ing sections.

The process model, GROMIT
Goals
GROM IT (GROwth M odel for Individual Trees)
was developed by the UK Forestry Com m ission
originally to predict the effect of thinning and
spacing on stand growth, as an aid to forest
management. The aim was to develop a process
model which simulated the parallel changes in
volum e, height and diam eter grow th during
stand developm ent. In particular, it w as
im portant that observed correlations betw een
these variables were simulated accurately, even
w hen spacing and grow th rate changed.

If serious infestation by E. abietinum re-occurs
approxim ately once every 6 years, then in ihe
exam ple above, the final crop trees could have
been subject to 9-10 attacks. It is likely that this
would have had an effect on the final crop yield.
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fin e-roots, the allocation o f carbon betw een
foliage and w ood y tissu e is b ased on the
pipe-m odel (Shinozaki et al., 1964a, b). However,
GRO M IT allocates carbon to ensure that the area
of new sapw ood is proportional to the w eight of
new foliage (M cW illiam , 1972; L udlow and
A tkin son, 1996). O th er m odels relate total
sapw ood area to total foliage weight.

Subsequently, w ith increased in terest in the
effects of clim ate change, G RO M IT has been
extended to incorporate hourly radiation and
tem perature data in calculating assim ilation and
m aintenance respiration to allow prediction of
the effects of increasing tem peratures and C 0 2.
The m odel has been used successfully in an EC
p art-fu n d ed
project,
Long-term
effects
of
C O rincrease and clim ate change on European forests
(LTEEF), and is currently being used in another
such project: Predicted impacts o f rising carbon
dioxide and temperature on forests in Europe at stand
scale (Ecocraft-II).

Annual cycle
G RO M IT uses a variable-tim e-step integration
routine to estim ate annual grow th increm ents.
Seasonal or daily variation in grow th patterns are
n ot sim u lated d urin g the run. In the
pre-processor, photosynthesis is assum ed not to
occur w hen the tem perature falls below a certain
threshold (-5°C). All radiation data below this
threshold are excluded. R adiation above the
tem perature threshold is divided into 10 classes
and the gross assim ilation rate (kg C 0 2 m'2
ground area h 1) is calculated for each of these
radiation classes for different values of LAI,
rep resen tin g d ifferen t n u m bers o f layers of
leaves. A ssim ilation is calculated using the m ean
radiation intensities in each radiation class and
the num ber of hours in the year during which
rad iation at this in ten sity is observed.
A ssim ilation is then sum m ed across classes to
give an annual value. These calculations are
com pleted for each of a series of LAI values
(1 to 10), and the values of annual assim ilation
obtained are used to produce a curve of gross
assim ilation rate against LAI (Figure 3.1) w hich is
then used to param eterise the equation

Place in the hierarchy o f models
Because of the original aim s, G R O M IT is a
d etailed in d iv id u al-tree m od el w h ich can
sim ulate grow th of up to 144 neighbouring trees
in parallel to represent a forest stand. A further
52 trees in surrounding 'guard ' rows are also
represented. Individual 'guard ' trees differ in
height, but each is proportional to the m ean of
the sim ulated trees. Grow th is sim ulated from
establishm ent (year 0) up to a stand age of
100 years. The interaction betw een neighbouring
crow ns is treated in detail and polygonal tiles are
calcu lated follow in g N ance et al., 1987 to
represent the area available to each tree and the
projected crown area.
A pre-processor is used to calculate potential
p h otosy n th etic
assim ilation
from
hou rly
rad iation
and
tem peratu re
data.
L igh t
interception is calculated using a version of the
Lam bert-Beer law w hich takes account of crown
depth. A ssim ilation in each 'la y er' of leaves is
calculated separately from the radiation absorbed
by that layer, subject to a saturating level. The
output from this integration is the relationship
betw een leaf area index (LA I) and potential
assim ilation over the year, and this relationship is
input into the m ain model.

P = P„ (1 - e V )

(1)

w here P is the gross annual assim ilation rate, P0 is
the rate that w ould be reached if all light were
intercepted, L represents LAI and k2 is a constant.
P0 and k2 are input to the m ain m odel. (Note: k2 is
not a light extinction coefficient; it relates gross
assim ilation rate (instead of light interception) to
LAI. A light extinction coefficient is used in the
p re-p rocessor to calcu late rad iation intensity
reaching each of the layers of foliage).

The trees are d ivid ed stru ctu rally into five
com partm ents (foliage, branches, stem, transport
roots and fine roots) and carbon available for
grow th is allocated to these com partm en ts.
C arbon available for grow th is calculated as the
difference betw een assim ilation and m aintenance
respiration. N utrients are not represented in the
m odel, but the proportion of carbon allocated to
fine roots is a param eter w hich can be altered to
sim ulate the observed effect of site conditions on
root-shoot ratio (M cM urtrie and W olf, 1983;
K eyes and Grier, 1981).

A sim ilar pre-p rocessor calcu lates the effect
o f tem p eratu re on m ain ten an ce resp iration
o f leaves, w oody tissu e and roots. U sing
pre-processors allows the m odel to take account
of differences betw een sites in the annual pattern
of radiation or tem perature distribution.
Carbon flo w
P oten tial p h otosy n th esis calcu lated b y the
pre-processor is input into the m ain m odel as an
annual value w hich m ay change from year to

A fter subtracting carbon lost in m aintenance
respiration, and the p ro p ortion allocated to
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Figure 3.1

Curves derived from the pre

processor relating potential assimilation rate
(per m2 ground area) to LAI (equation 1).
Hourly values o f temperature and radiation
intensity

are

from

Jyvaskyla,

Finland

(62 .2 4 °N , 25.41 °E). The three lines show the
variation between different years; the best
year, the worst and the average.

Leaf Area Index

year of any sim ulation depending on variation in
the hourly values of radiation and temperature.

or, in terms of the exposed surface of the crown
(Cs) and its projected area (Cr),

1. Light interception in the preprocessor

U = L 9l
(3)
Cs
Since the crow n
surface is larger than the
projected area of the crown, there is less light
falling on it per square metre of crown surface.
H ence diffuse light per square metre of crown
surface is

Light interception does not include aspects such
as leaf orientation, but allows for the fact that
conical crow ns have a higher surface area than
their projected 'ground' area. This m eans that
more of the foliage receives usable levels of
diffuse light than w ould occur in a flat canopy.
The assim ilation rate is scaled appropriately to
give output per square m etre of projected ground
area.

lu = LoSimj

where
is the diffuse radiation per square metre
of ground area. Similarly, for direct (beam) light
(h)

The separate interceptions of beam and diffuse
radiation are calculated for each radiation class,
but these are then added w ithin the class before
assim ilation rate is calculated.

I,,s = Iwsinrt

(5)

Interception of diffuse light is calculated by
finding the sphere integral for each layer of
foliage between the crown surface and its centre.
A horizontal surface receives light from the
whole sky, but the side of a conical crown sees
only a +90°. Since a is small (7.5°) we take half the
usual sphere integral.

The m odel treats each crown separately and LAI
is referred to the projected area of the crown
rather than the total ground area. In other words,
we use LAI to refer to the num ber of layers of
foliage b etw een the sky and the ground
im m ed iately b elow the crow n. LAI is more
norm ally used to refer to the num ber of layers of
foliage betw een sky and ground for the whole
stand, although in a closed canopy the two uses
are the same.

There are two problem s in calculating the beam
radiation reaching depth Ls. First, the path of the
light depends on the solar angle. Second, the path
is shortest on the side facing the sun, longest on
the opposite side and interm ediate in betw een.
There is no need to know the suns' azim uth angle
if the tree is circular, but we do need to take
account of the different path lengths all the way
round. This is done by dividing the tree into 20
sectors. The path of light to each foliage layer is
calculated for each sector and photosynthesis of
each sector is then calculated (taking account of
diffuse light as well). Values of photosynthesis
for each sector are then sum m ed to give total
assim ilation per tree.

The crowns are assum ed to be conical and each
portion of the crow n of a single tree is treated as
if it w ere a hom ogeneous canopy at an angle a to
the vertical. This is best illustrated by considering
LAI. LAI is useful w hen assum ing a horizontally
hom ogenous canopy but we use Ls which is the
num ber of layers of foliage betw een the outside
and the centre of the crown. For a conical crown
with a half-crow n angle a and using L for LAI.
Ls = L siruz

(4)

(2)
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The total radiation w as adjusted by sin a to allow
for the ratio of crown surface area to crown
projected area. This takes into account the fact
that there is less light per square m etre at the
crown surface, but m ore square m etres of surface.
These effects do not cancel out because foliage is
more evenly illum inated w hen it is spread over a
larger area. As a result, little of the foliage is
d eep ly shaded and total ph otosy n th esis is
greater.

from the carbon available for structural grow th
before allocation is calculated. The results are
sim ilar to the m ore fam iliar Q 10 approach.

The assim ilation rate for a sector w as calculated
from

Formation o f tree structure: allocation

A =

(1 - e « - )

G row th
resp iratio n
of
each
stru ctu ral
com p artm en t
(foliage, bran ch es, etc.) is
calculated by m ultiplying the com partm ent's
grow th rate b y a constant. H ence, grow th
respiration represents a loss in efficiency of
producing structural material.

The carbon available for grow th is the difference
betw een incom e from assim ilation and losses due
to m aintenance respiration. A fixed proportion of
this is allocated to fine-root grow th (-qr). The
value of T|r tends to be site specific, having a
h igh er valu e w h en site q u ality is poor
(M cM urtrie and Wolf, 1983).

(6)

w here A is the assim ilation rate (kg C 0 2 nv2 leaf
area h 1), A mnx is the m axim u m (gross)
photosynthesis rate, E is the light use efficiency
(kg C 0 2 J ') and I is the photosynthetically active
radiation absorbed. Note that dark respiration
w as not included in these calculations because its
response to tem perature is very different from
that of photosynthesis and it w as calculated by
the m aintenance-respiration pre-processor.

The rem aining carbon is allocated so that a given
area of new sapw ood is form ed for each kg of
new foliage. The m odel calculates the allocation
to each com partm ent by the solution of a series of
sim ultaneous equations. This ensures that there
is a constant ratio betw een m ass of new foliage
and the conducting area of new tissue.

2. A ssim ilation rate in the m ain m odel
First, the num ber of layers of foliage per tree
(LAI) is evaluated

The ratio of new foliage to new sapw ood area is
differen t for stem , b ran ch and coarse-root
sapw ood and is set by the param eters 1f/Sr ft, f ,
respectively. M easu rem en ts in the literatu re
usually give the ratios of total sapw ood area to
total foliage (<ps etc.), and som e calculation is
needed to find appropriate values for i//s, f „ f We assum e a long-term equilibrium ratio, given
estim ated constant senescence rates for sapw ood
and needles, and by setting this ratio to the
agreed value of </>s solve for each of the
param eters f s, ft, and f . For exam ple

W here L is the LAI, W, is the w eight of foliage, a ,
is the specific leaf area of the foliage, C,> is the
projected crown area of the tree.
The m ain m odel uses a m odified version of
equation (1) w hich incorporates CP, to calculate
assim ilation rate per tree.
P ln* = PoC,, (1 - e -k=L)

(8)

Equation (8) allows autom atically for gaps in the
canopy both before canopy closure and as a result
of thinning. It also provides a m eans of handling
com petition betw een trees, since the m ain effect
of com petition is to reduce each o th er's branch
grow th. The equation does not allow for shading
by neighbouring trees, but this is likely to have
only a sm all effect (Ludlow, Randle and Grace,
1990).

W here ys represents senescence of stem sapw ood
and y, is the senescence rate of foliage.
D iam eter increm ent is determ ined by the am ount
of new sapw ood added to the stem.
Stand developm ent
The m odel has been developed for Sitka spruce
w hich has a regu larly con ical crow n in
plantations up to the norm al felling age. In the
m odel the crow n angle m ay differ betw een trees
b u t w e assum e that it rem ains the sam e
throughout life for individual trees. We assum e
that branches from neighbouring trees cease to

Respiration
M ainten an ce resp iratio n is in clu d ed as a
tem perature dependent function based on the
relationship given by K orpilahti (1988). Annual
m ain ten an ce respiration costs are su btracted
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grow w hen crow ns touch. Com petition between
trees is calculated, therefore, by finding where
neighbouring crow ns intersect. This depends on
the relative height of the trees, their distance
apart and their crow n angle.

incorporate foliage age classes. The foliage put on
by the m odel each year was allocated to 'current
needles', foliage remaining from the previous
year was allocated to a second age class and so on
until foliage was allocated to six age classes. (The
final class contained foliage 5 years old and over.)
Needle loss rates ( yf) could vary from one age
class to the next, but were set to be equal between
all age classes for this sim ulation, with 23% of the
foliage in one age class surviving into the next
year for control simulations (Straw and Fielding,
unpublished).

In such a m odel, com petition depends crucially
on height grow th. We calculate height growth as

w here Nf is the rate of foliage production (kg DW
y r ') and v, is a constant giving the volum e of new
space occu pied by each kg of new foliage.
A lthough this value could be m easured on real
trees, there are no published data and we have
had to estim ate vf rather crudely from related
m easurem ents.

To sim ulate aphid attack the foliage mass in each
of the age classes 2...6 w as m ultiplied by a
coefficient X. This coefficient represented the
proportion surviving attack so that in aphid-free
years X = 1 and w hen defoliation was com plete
X = 0.

Application of the model
D efoliation w ill reduce the am ount of light
intercepted by the crow n and will reduce the
num ber of sites w here active photosynthesis may
take place. To sim ulate the effects of defoliation
by £. abietinum , the structure of the foliage
com p artm en t of the m od el w as altered to

The sim ulated trees were grow n from seedling
size (28 cm height) to an age of 50 years, a
nom inal harvest date. In each sim ulation, the
intensity of attack (i.e. percentage defoliation)
was kept constant and attacks by £. abietinum
were assumed to occur every six years. Only
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Figure 3 .4 Simulated effect o f 0% (-------- )
and

100% ( ■ ■ ■ ■ )

defoliation o f older

needles at ages 6 and 12 for Sitka spruce.

Age (years)

foliage greater than one year old w as affected by
an infestation. Sim ulations were run using 0%,
25%, 50%, 75% and 100% defoliation of older
needles. To test if sim ulated trees could recover
from a few attacks early in the rotation a
sim ulation w as run w ith 100% defoliation at age
6 and 12.

Figure 3.3 shows the effect of different intensities
of defoliation on diam eter increm ent, expressed
as a proportion of the increm ent expected from
sim ulations w ith no defoliation. The im m ediate
response to an attack w as a loss in diam eter
increm ent, except that in the first attack diam eter
increm ent increased above that w hich would
norm ally have been achieved (Figure 3.3). In
old er trees, there w as a lo n g er period of
depressed grow th than in younger trees.

The w eather data w as allow ed to vary from year
to year (by using actual w eather records), w ith no
control being applied to stop 'good' or 'bad '
years from follow ing a sim ulated infestation.
M eteorological data required for input by the
m odel includes solar radiation, air tem perature,
humidity, precipitation and w indspeed, although
the m odels' sensitivity to w indspeed is low,
unless extrem e conditions persist.

Sim u lation s of the cu m u lativ e effects of
d efoliation at ages 6 and 12 show that the
sim ulated trees did indeed m ake up for their lost
increm ent (Figure 3.4). It is not clear w hether this
was due to the tim ing of attack w hen the trees
w ere juvenile, or because only tw o sim ulated
attacks occurred.

O utputs from the m odel can be num erous. We
lim it ourselves here to effects on increm ents in
stem m ass and diameter.

Future directions
The initial results from the m odel sim ulations
agree broadly w ith field observations. Diam eter
in crem en ts in the m od el w ere red u ced by
betw een 5-40%, w hich is sim ilar to that observed
in experim ental studies (Chapter 2), and the
period of depressed grow th of 0-4 years is also
com parable. Flowever, over-shooting in diam eter
increm ents in young trees has not been observed
in the field. This difference betw een the m odel
and experim ental results needs investigating. It is
im portant that the sim ulation results from the
m odel m atch the quantified observational data
from experim ental w ork and field studies on
im pact. Further param eterisation of the m odel
for N orw ay and Sitka spruce, particularly to
allow for site and geographical differences in tree
grow th and infestation, w ould perhaps im prove
the fit with em pirical data and increase the
flexibility of the m odel. Photosynthetic efficiency
often decreases w ith needle age and this too m ay
need to be m easured and built into the model.

Results
Table 3.1 and Figure 3.2 show the effect of the
cyclic defoliation on stem m ass. It can be seen
that after 50 years, there is little difference in stem
m ass betw een unaffected trees and those w ith a
regu lar 25% d efoliation . Trees w h ich w ere
subjected to 100% defoliation of older needles
show ed a m arked reduction in stem mass.
Table 3.1 Effect o f defoliation every six years on stem mass after
5 0 years in simulated Sitka spruce
D e fo l i a t i o n

0

%

25%
50%

R e d u c tio n in s te m m a ss

0

%

1 .4 %
4 .6 %

75%

1 1 .1

%

%

2 1 .6

%

1 0 0
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The m odel could be extended in two ways. The
onset of b u d b u rst and bud set changes the
nutrient status of the host tree and these are
know n to have a significant effect on E. abietinum
population dynam ics and the damage caused
(Day and Crute, 1990; Carter and Nichols, 1988).
These aspects need to be incorporated if the
model is to capture the tree's changing sensitivity
to early or late attack w ithin the year. Preliminary
work has already been done as part of another
EC-funded project: Long-term effect o f elevated C 0 2
and clim ate change on European forests (LTEEF).
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Chapter 4

Green spruce aphid population dynamics:
effects of climate, weather and regulation
Keith R. Day and Neil A. C. Kidd

Summary
The within- and betw een-year dynamic relationships of spruce aphid populations in plantations of Sitka
spruce are review ed. Indices of aphid abundance have been obtained from suction trap catches and from
forests, in the form of aphid counts on foliage. Correlations betw een trap and forest-based sam ples
increase the confidence that can be placed in traps as a means of long-term aphid surveillance. The
pattern of w ithin-year aphid population change is determined by nutrient availability in spruce needles,
whereas the tim ing of the population peak is governed regionally by thermal input. The size of the
population peak (and the dam age caused) is dependent on the population that survives the winter, and
can be m oderated by natural enemies. Sim ulation studies also confirm these conclusions and show how
European regional differences in aphid population dynamics can be explained by the therm al
environm ent. Year to year differences in population size (and the frequency of 'outbreaks') are
determ ined by the severity of winter weather and feedback from the population density in the previous
year.
Independent studies point com pellingly to the role of (overcompensating) density dependence in this
system. Various sources of density regulation are discussed. The available evidence suggests that the
centrifugal redistribution of aphids (both apterae w ithin trees and alatae betw een trees), especially
adults at high population density, coupled with the loss of needle habitat, could explain m uch of the
dynam ic response observed. A growing understanding of spruce aphid population dynam ics and the
use of flexible sim ulation m odels will becom e useful tools in integrated pest managem ent.

Introduction
The green spruce aphid Elatobium abietinum
(Walker) show s w ide variations in abundance at
different tim es of the year, from one year to the
next, and from one European region to another,
even on one of its preferred hosts, Sitka spruce
(Picea sitchen sis (B ong.) C arr.). N ew foliage
produced by trees in the year of dam age is not
severely attacked (Jackson and Dixon, 1997) and
trees are rarely killed, so the aphid remains a
perennial pest. P op u lation s persist even on
severely d efoliated trees and continue to
fluctuate w ithin a plantation from the time of
seedling establishm ent until the crop is felled.

favourable parts of the British Isles and more
frequently in m ilder regions (Carter, 1995). The
frequency of outbreaks is rather less in Denm ark,
but still irregular and clearly governed by
weather (from year to year) and clim ate (from
region to region) (Bejer-Petersen, 1962).
We review here w hat is understood of the
ecological processes that are responsible for the
population dynam ics of this aphid. W eather and
clim ate play an im portant, and som etim es
dram atic role, but density dependence and the
way in which it affects the rate of population
change in consecu tive years needs greater
understanding in view of its significance to pest
managem ent intervention.

'O utbreaks' are declared whenever, m ean aphid
population density exceeds about 0.5 per needle,
usually at the early sum m er aphid maximum. At
such densities, aphids will generate noticable
needle loss (Day and M cClean, 1991 and Chapter
2). H igh populations of this order occur around
once every 7 years in the British Isles (Figure 4.1,
and H anson, 1952) or perhaps 5-8 years in less

Density-related processes are com m onplace in
the population dynam ics of tree-dwelling aphids
(Dixon, 1990) but the functional relationships
which give rise to such density dependence are
often less w ell u nderstood because of the
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Figure 4.1 Total catch o f spruce aphids from a suction trap each year at East Craigs, Scotland (□ 1 9 6 9-1989) as pa rt o f the Rothamsted
Insect Survey (redrawn from Thacker, 1995) and estimates o f population density (per 2 00 needle sample ■ ) in a Sitka spruce plantation
at Clare Forest, Northern Ireland (1982-1990).

N evertheless, a great deal has recently been
deduced from the analysis of data obtained
through the Rotham sted Insect Survey in Britain
(M acaulay et al., 1988). The spatial and tem poral
relationships betw een suction trap surveys of
alate spruce aphids were investigated by Thacker
(1995) and are review ed elsew h ere in this
chapter. There are sim ilarities betw een annual
aphid population changes m onitored by suction
trap and field estim ates of population size, even
w hen the data from each arise from different
parts of the British Isles (Figure 4.1).

com plex age and m orph stru ctu re in aphid
populations. Spruce aphid population changes in
m aritim e parts of w estern Europe are particularly
difficult to interpret because, unlike other treedw elling species, the aphid here has no egg stage
form ing a convenient end-of-season point of
reference (Carter and Austara, 1994). Grow th and
rep rod u ction
are
p ossib le
year
round.
N evertheless, it is becom ing increasingly evident
that population levels from year to year are, in
part, a function of previous population densities.
W ith greater u n d erstan d in g o f a sp ecies'
p op u lation d yn am ics com e op p ortu n ities to
d escribe this in the form o f gen eral u tility
sim u lation m od els. There h ave b een som e
successes in this direction (Crute and Day, 1990)
but the tim e is now right to extend the approach
to em brace a v ariety of pest m an agem en t
options, involving silviculture, resistance in the
host plant and biological controls, w hose efficacy
can be tested using the sim ulation environm ent.
We also show here how sim ple p op u lation
m odels can help interpret population dynam ics,
in particular how they account for population
patterns described in areas of Europe relatively
new to the pest. We suggest that m odels of this
type w ill provide the basis for a m anagem ent tool
in future.

A correlation h as been found b etw een
suction trap catches and the extent of forest
defoliation (the total area of forest dam aged
by spruce aphid in any year w ithin 50 miles
of a su ction trap), w h ich is an im p ortant
confirm ation of the accuracy of trapping and the
first tim e such a relationship has been found for a
non-arable crop aphid (Thacker, 1995). The aerial
density of aphids (trap catch) w as also related to
the area of Sitka spruce in a region, a finding
w hich suggests that suction traps will not be a
particularly good w ay of com paring regional
variatio n in aphid d en sity on p lan t foliage
(population intensity), unless a correction factor
is used. It is the num bers of aphids present per
unit of foliage, not the num bers present per
volum e of air, w hich determ ines the extent of
dam age and loss of tree grow th potential. In
addition, trap results in the w est of Britain tend
to be inherently less reliable than those in the east
because the prevailing w esterly w inds m ean
there is less land area over w hich w ind collects
aphids in the w est com pared w ith the east
(Thacker, 1995).

Indices of aphid abundance
A bsolute estim ates of spruce aphid population
density w ould be difficult to obtain and be of
lim ited value in pest m anagem ent. For this a
know ledge of the abundance of the pest relative
to that of its host plant is of prim e concern.
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In conclusion, aerial survey suction traps are
know n to give a very good representation of
general field
p op u lation
levels over a
con sid erable area (Tatchell, 1991) and have
provided data w hich will allow year to year
com parisons of aphid populations reflecting the
sum m er m axim um in aphid population density
(intensity)
on
forest
trees, but spatial
com parisons in trapping indices are probably less
reliable, and should not be considered for longdistance regional studies.

rate of production of alatae can also be derived
from ratios of the various m orphs in consecutive
field sam ples (Day, 1986). M odified Tullgren
funnels can be used for extracting aphids on
shoots into 80% alchohol (Carter, 1995) and may
be the best system for large num bers of sam ples
requiring an estim ate of total population, but
could give biased results where conclusions are
to be drawn from population morph structure
since some aphids are more mobile than others
(Day, 1986).

P opu lations livin g on host plants can be
evaluated in variou s w ays and estim ates
obtained by stratified sampling. Sam ples have
been stratified for height w ithin canopy (Parry,
1969), canopy aspect (Carter, 1995), tree groups,
or in d iv id u al trees w ithin a plantation
com partm ent (Day, 1984a; Parry, 1974), for
provenance w ithin a random ised block design
(Day, 1984b; Armour, 1996), and for forest plot or
com partm ent (Powell and Parry, 1976). M any of
theses studies have m entioned clear preferences
for individual trees, m aking it a useful strategy to
sample consecutively from m arked trees. There
has been no consensus on the way in which
aphids are distributed w ithin a tree, although
various authors have m entioned a tendency for
aphids to be relatively m ore abundant in
different parts of the crown, and for there to be
interaction w ith different stages of tree growth
and at d ifferent tim es of the year. There is
therefore no general prescription for sampling
these aphids w ithin canopies or for weighting
sample num ber by stratum.

M oderately good estim ates of population density
(intensity, i.e. m ean aphid num ber per 100
needles per sample) can be obtained with six
random shoot samples per tree from w ithin the
mid two thirds of tree canopies. These would
give coefficients of variation betw een 10-20% at
m ost aphid population densities and nearer 10%
for peak population densities around w hich most
interest is focused (Day, 1995). Even this num ber
of samples, taken repeatedly through a season
and perhaps for several years, w ould be
impractical for small trees. This problem has been
resolved by Straw (personal com m unication)
through repeated in situ aphid counts.

Seasonal patterns of population
change - plant and aphid quality
In the British Isles and m ost other parts of Europe
where the aphid has becom e a pest, the seasonal
patterns of aphid abundance are characteristic
(Parry, 1974 and Figure 4.2). Aphid num bers start
to increase in M arch w hen tem peratures exceed a
developm ental threshold of 4°C (Crute and Day,

Several aphid pop ulation studies have been
based on sam ple shoot excision (Day, 1984 a&b,
1986; Day and Crute, 1990; Parry, 1974). Samples
of year n-1 age shoots were rem oved from the
same trees at regular intervals through a season
in year n (Day, 1984 a & b), or in the case of
longer-term m onitoring, once a year at the end of
May w hen the population was known to be at its
peak level (Day and Crute, 1990). Aphids were
extracted by hand from the foliage, counted in
the laboratory and assigned to seven growth
stages and m orphs. This enabled estim ates to be
m ade of recruitm ent rate from the ratio between
adult aphid s (virginoparae) present in the
sam ples and the num ber of first .instar aphids
(Parry, 1974). The insects pass through the first
instar in about a day in summer, so it is thought
to be a good reflection of population fertility and
anticipated population grow th rate (Day, 1984a).
Estim ates of fecundity of virginoparae have been
m ade by dissecting insects retrieved from field
sam ples (Day, 1986). Similarly, estim ates of the

Figure 4 .2 Mean population densities o f spruce aphids estimated
from foliage samples at Clare Forest, Northern Ireland (from Day,
1984a).
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1990) and reach a peak tow ards the end of May
(D ay and C rute, 1990). G row th becom es
exponential if weather is favourable in late spring
and early su m m er (Figure 4.2) and the
appearance of large populations of aphids on
spruce foliage can be rapid and alarm ing for
foresters even though the in trin sic rate of
increase of this species (0.25 fem ales fem ale-1
day-1 at 20°C) is only a little above average for
aphids in general (Dixon, 1985).

m aritim e clim ate (Day, 1984a) w here a m axim um
of 70% of the population becam e alate, and
possibly higher in south-eastern England w here
the proportion of alates rem ained at or above
70% for nearly a m onth (Fisher and Dixon, 1986).
If regional differences in m igrant production are
partly the result of heat input (Parry, 1978) and
are phenologically determ ined by daylength,
then spruce aphid populations in m ore northern
countries such as Iceland m ay well be expected to
respond differently from those in England.

A decline in needle sap nutrient quality follow ing
b u d -b reak (Carter, u np u b lished ; Fish er and
D ixon, 1986, their Fig ure la ) results in the
population falling to low levels again by the
beg in n in g of Ju ly (Day, 1984a) (Figure 4.2).
Translation of these population trajectories to a
physiological tim e scale rem oves the effect of
am bient tem perature on population grow th in
different years, but also show s that it is the
tim ing of bud-break in any year w hich governs
w hen the population is m ost likely to fall. It
happens that in N orthern Ireland this tim ing
tends to be rather consistent from year to year
(Day, 1984a) d esp ite d ifferen ces in spring
tem perature.

A lthough the production of m igrants has an
im portant part to play in population dynam ics, it
is not the principal cause of population collapse
at the b egin n in g o f June. Sim ilarly, natural
enem ies have an im portant role to play and m ay
determ ine the overall size of the population peak,
but they do not represent the greatest influence
on p op u lation collap se (C rute, 1990). The
dram atic decline in population size results from a
fall in fertility (Day 1984a; Parry, 1974; Parry and
Pow ell, 1977) cou pled w ith an in crease in
m ortality and vagility-related losses of aphids
from a tree (Day, 1986). Aphids becom e sm aller
(Thacker, 1995) and take longer to com plete their
developm en t. U ltim ately aphids su ffer from
d eclin in g n u trien t availability, from loss of
h abitat as n eed les fall and p ossib ly from
com p etition am ong aphids for space. Parry
(1974) and C. I. Carter (unpublished and reported
in Fisher and Dixon, 1986) found a 50% decline of
soluble nitrogen in needles from M arch to the
end of July.

M ild er w inters and w arm er sp rin gs w ill
en cou rage
faster
pop u lation
grow th
in
anholocyclic aphids, but if these conditions are
accom panied by an advance in foliar phenology
and hence the m anifestation of poor food quality,
the p oten tial in crease in in sect p op u lation
density could be neutralised. Sitka spruce budbreak is determ ined as m uch by cold periods in
w inter as w arm springs (Cannell and Smith,
1983), so generally w arm er conditions advance
the developm ent of Elatobium w hile delaying
b u d -b u rst and m ain tain in g fav ou rable plant
quality. H ence, m aritim e clim ates and greater
global w arm ing tend to favour the aphid pest
during spring and early summer.

A very sm all num ber of aphids survive the
summer, som e perhaps on slightly better quality
needles (Parry, 1979) or w here they are able to
avoid natural enem ies (Crute, 1990). Populations
start to build up in Septem ber in the U K (Straw,
1995) as a result of an im provem ent in sap quality
follow ing bud-set (Carter and N ichols, 1988).
D efo liation can occu r in N ov em ber and
D ecem ber but such outbreaks are less com m on
(Bevan and Carter, 1975; Carter, 1989). In
su m m ers w ith excep tion ally h ot and dry
conditions, trees en ter d orm an cy early thus
providing aphids w ith longer opportunities for
rapid dev elop m en t, p articu larly w h en the
autum n itself is also mild.

The peak in am ino acid content of needles also
coincides w ith the tim e at w hich there is the
larg est p ro p ortion o f alatae am on gst the
offspring born to the spruce aphid (Fisher and
Dixon, 1986). A n increase in photoperiod is the
m ain factor in d u cin g the d ev elo p m en t of
m igrants, and host quality and aphid crow ding
m odify the response (Fisher, 1982). There appear
to be regional differences in the proportion of the
population w hich enters the alate developm ental
pathw ay and hence the proportion of m igrants.
A lthough data from different sources are not
strictly com parable, the proportion seem s to be
relatively low in Scotland (Parry, 1977), higher in
N orth ern Ireland w ith a m ore d istin ctiv e

Climate and weather
Several w eather conditions affecting aphids have
been m entioned. The m ost im portant of these
occur during the w inter m onths and govern
annual changes in peak population density. The
population of anholocyclic aphids w hich enters
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Figure

4 .3

Relational

d ia g ra m

for

populations of overwintering spruce aphids
in d ica tin g

m ain

tem perature-related

constraints to population growth. Populations
pass through winter and spring, eventually
reaching a summer maximum for the year.
Population growth (or decline) is influenced
by key temperature variables acting on
mortality and recruitment (redrawn from Day
and Crute, 1990).

the w inter w ill respond in a variety of ways to
w arm er or colder conditions (depending on the
year or the locality) before population growth
becom es exponential once m ore in the following
April. In som e cases the result will be a reduction
in recruitm ent rate because developm ent is slow,
and in others there w ill be m ortality (Figure 4.3).
Some of the critical conditions for a range of
European forests were analysed by Day and
Crute (1990) follow ing Bejer-Petersen (1962),
Carter (1972), O hnesorge (1961), Powell (1974),
and Pow ell and Parry (1976).

strongly m aritim e clim ate, the days w hen
tem perature drops below -5°C are relatively
infrequent, and therefore the tem perature above
an aphid developm ental threshold accum ulated
prior to bud-break is likely to be at least as
im portant in setting the population peak in late
spring (Day and Crute, 1990). Elsew here,
continental-type w inters m ay override this effect
and direct m ortality from low tem peratures may
dominate.
Reliable aphid population data for several years
at any locality could be interpreted solely in
relation to clim ate and w eather; w inter
tem perature cond itions explain a very high
proportion of the annual variation in peak aphid
population density, and are useful explanatory
variables even where the aphid population data
originates from suction traps (Thacker, 1995).
However, a know ledge of tem perature alone is
insufficient to predict population trends since
year to year change is also determ ined by
overcom pensating density dependence.

The spruce aphid is a m oderately chill-tolerant
species (sensu Bale, 1993). That is to say, aphids
m ay die as a result of low tem perature
before freezin g takes place although m any
survive until the supercooling point is reached
(Powell and Parry, 1976). The relative effects of
different low tem perature conditions during the
w inter and spring depend on climate and the
g eographical location. In coastal areas of
N orthern Ireland, w here aphids experience a

Figure 4 .4 The relationship between the rate
o f population change and population density
(per

100 needles) in consecutive years,

based on estimates o f m aximum ap h id
population density in summer at Clare Forest,
N orthern
1990).

Log Nt
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Ireland (from

Day and Crute,

there appear to be no active induced defences
(Larsson and Tenow, 1984). O n the w hole, the
ev id en ce for regu latio n by aph id -ind u ced
changes in host quality is w eak for conifers and
also for deciduous trees (Dixon, 1990).

Evidence for regulation
Population tim e series based on estim ates of peak
population in consecutive years give evidence of
ch ang es in n u m bers o f the sam e order of
m agnitude (at least ten-fold changes are possible
from one year to the next) (Figure 4.1). The
population peak is of particular interest since it
determ ines the level of foliar dam age in a forest.
The am plitude of the peak, varying from year to
year, is partly determ ined by population in the
previous year. There is an inverse relationship
betw een the rate of population change betw een
years (log [N,+l / N,]) and population density (log
N,) (Figure 4.4). This explains about 60% of the
v ariatio n in p op u lation den sity and m ay
com prise a num ber of processes acting on the
population of aphids throughout the year, and
w hose joint effect is overcom pensating density
dependence (Day and Crute, 1990). The statistical
validity of this relationship is dubious but there is
som e com fort in the know ledge that, although
the axes are n ot strictly in d ep en dent, m ore
rigorous analyses of sim ilar relationships in other
aph id s provid e sim ilarly sig n ifican t results
(Dixon, 1990; W ellings et al., 1985)

Com petition betw een aphids and reduction in
aphid quality m ay conceivably play a role in
density dependent population decline, but the
evidence suggest that spruce aphids are not
nutrient com petitors, rather they benefit from the
presence of other aphids since they are heavier
w hen reared on chlorotic (previously infested)
needles (Fisher, 1987). Infestation of aphids alters
the am ino acid balance of the needle sap to the
advantage of other aphids, but com petition does
result if needles are shed prem aturely and this in
turn depends upon the level of aphid infestation
(Chapter 2 and Day and M cClean, 1991). The
proxim al cause of population change, however, is
not aphid quality but m ortality or dispersal.
The redistribution of aphids does not itself result
in density dependent population change in a
forest unless the potential of each disperser is not
fu lly realised, perhaps b ecau se the act of
dispersal reduces fertility and increases mortality.
It seem s that the fertility of dispersers is not
reduced since the ratios of first instar nym phs to
adults only m akes sense if alates are included in
the ratio (Day, 1984a). However, the loss of adults
(apterae and alatae) w hile dispersing, m ay be an
increased p ossib ility w ith in creasin g density
since d isp ersal of all m orph s is strongly
centrifu gal and adults are m ore vagile than
nym phs (Day, 1986).

The m ost exh au stiv e stu dy
of den sity
dependence in spruce aphid tim e series has been
based on the results of the Rotham sted suction
trap data (Thacker, 1995). C onvincing evidence of
density dependence w as obtained from tim e
series at 15 sam ple sites representing the length
and breadth of Britain and betw een 17-20 years.
The result of density dependence is to reduce
high populations w ithin one year. 'O utbreaks' are
consequently often preceded by low abundances
of the aphid (Thacker, 1995) and even years w ith
equitable w inter w eather can have low -level
populations if they follow 'o u tb re a k s'. Generally,
a h ig h er relative im p o rtan ce of density
d ep end ence at w arm er sites m eans that
populations here m ay be m ore stable than at
those w here w inter tem perature is m ore severe.

A clue to the origin of density dependence m ay
be in the scale at w hich it can be observed.
T h acker
(1995)
exam in ed
the
possible
red istrib u tio n of p op u lation follow in g the
population peak by calculating b in Taylor's
Pow er Law (Taylor, 1961) from the m ean and
variance of sam ples at different sam pling scales.
Values of b were calculated for sam ples based on
needles, twigs and trees and any decrease in the
value of b from b efore and after the peak
population w as taken to signify redistribution
from high to low densities. Thacker (1995) found
no ev id en ce for sp atial d en sity d ependence
betw een trees or betw een needles, and although
there w as a significant redistribution betw een
tw igs, this did not am ount to regulation of
population betw een years. Initially the aphids are
highly aggregated on certain twigs, and as the
population decreases there is significantly less
aggregation. In T h acker's study, betw een-tree
m ovem ent had a lesser role in redistributing

W hile the existence of density-related processes
in the year to year dynam ics o f the spruce aphid
is clear, the origin of such processes is less so.
Plant quality often serves to m ediate density
dependence. Previous infestations of aphids m ay
be deleterious to subsequent aphid developm ent
on conifers by inducing plant defences. This was
found to be a possible source of cyclic population
behaviour in the large pine aphid, Cinara pinea
(Kidd, 1990). D efoliation of som e conifers can
result in m arked (and delayed) feedback in the
form of reduced plant quality for folivorous
insects (Baltensw eiler et al. 1977) but in others
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(April) population densities of aphids estimated for trees at Clare
Forest, Northern Ireland (from Day, 1986). N et m igration in the
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aphids than within-tree m ovem ent but overall
there w as little evidence that betw een year
density dependence was the result of regulation
at or below the scale of individual trees.

1

Spring population density (log aphids per 100 needles)

Figure 4 .5 The inverse density dependence of spring aphid
population growth rate on individual trees at Clare Forest,

M aximum population density was in the region
of 4-5 aphids per 100 needles in T h acker's study,
whereas data reported by Day (1986) varied from
a m ean population peak of 8.7 in one year to 73.1
in the year of highest population (Figure 4.1). It is
quite possible that d etection of density
dependence am ong sample units bearing low
average aphid numbers (Thacker, 1995) m ight be
m ore difficult. Certainly, density dependent
population grow th and decline in the sam e
season has been observed betw een trees (Day,
1984a and Figure 4.5). As evidence for density
dependence betw een years (t) at the level of trees,
two plots of peak aphid populations (log [N,t, /
N, ] plotted against log N,) are provided from an
increasing and a declining population (Figure
4.6). O f the eight year to year com parisons
between populations on individual trees which
are possible with the data series, five strongly
suggest density dependent population change
sim ilar to that in Figure 4.6.

Northern Ireland (from Day, 1986)
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Further evidence supporting density dependent
redistribution betw een trees com es from a m ore
detailed study of the dispersal of alate aphids. A
distinction needs to be m ade betw een the
production of alates which is density dependent
(Day, 1984a; Thacker, 1995; Fisher and Dixon,
1986) and their redistribution betw een trees
which is a function of flight (not all alates seem to

N1987

Figure 4 .6 Peak aphid population density on individual trees
plotted for consecutive years. The two years selected show a
relationship with a slope below equality suggesting density
dependent regulation at the tree level. The years illustrated are
those w ith the most marked increase and decline in population
overall (see Figure 4.1). Population estimates are based on
aphids per 100 needles.
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precision predictions of tem poral abundance.
Thus, day-degree developm ental tim es and the
pattern of reproduction of aphids are included in
the m odel, w hile vital rates such as m ortality and
adult em igration are only in clu d ed
as
approxim ations. T his n eed not be a serious
lim itation, since the sensitivity of the m odel to
variations in these approxim ate values can easily
be tested.

m igrate before larviposition). This was explored
by reference to the relative num bers in field
sam ples of im m ature and m ature alate and
apterous m orphs (Day, 1986). The study showed
that trees w ith low population densities of aphids
gained relatively m ore alates than those w ith
higher densities which show net losses (Figure
4.7). We con clu d e that the red istrib u tio n of
aphids (w ithin and betw een trees) and the gain
or loss of individuals or their potential fertility
m ay play a role in spruce aphid density
regulation. The loss of needle habitat m ay be a
com pounding process and affect populations
severely at the h ig h est p op u lation densities
w hich are only realised in 'outbreak' years.

The m odel is seeded by a sm all num ber of first
instar aphids shortly after the beginning of the
m od el
year
and
reflects
an h olocyclic
overw intering. The m odel also em ploys a sim ple
overcom pensated density dependent response to
sim ulate adult em igration prior to reproduction,
eith er by flig h t or oth erw ise. T he equ ation
describing density dependence is:

Further population modelling
M ost w estern-E u rop ean p op u lation s of the
spruce aphid correspon d w ith the season al
pattern of change indicated above, although
som e authors record a second peak population in
autum n or early w inter (H anson, 1952; Hussey,
1952). In Iceland, however, the sum m er peak is
sm aller and later, w ith a fairly regular peak in
late sum m er or early autum n. In term s of pest
m anagem ent, there is interest in w hat the effect of
these differences m ight be on the host plant, and
w hich extrinsic or intrinsic factors m ight be
resp on sible for the d ifferen t p op u lation
b eh aviou rs.
C and id ate
factors
inclu de
(a) tem peratu re (b) aphid life cycle (c) tree
p h en olog y
and
n u trition al
quality,
and
(d) natural enem ies.

S = exp (-C*[N -T])
where S is daily survival of stage N, C is the
density dep end ence coefficien t and T the
thresh old above w hich den sity d ependence
comes into play. T is given as an arbitrary value
of 200 throughout. Sensitivity analysis w as used
to see how critical the v alu es for density
dependence needed to be.
R ep rod u ctio n
of
ad u lts
w as
accurately
represented in the m odel using data from Crute
(1990) and to sim ulate the sum m er decline in
reproduction, brought about by changes in the
nutritional quality of needles, the reproductive
profile of adults was cut by two thirds after
500 day-degrees (approxim ately the end of June
in Britain). This w ould be expected to capture
any link w ith plant phenology. M ortality was
characterised by an arbitrary 2% per day death
rate on instars one and two. This version of the
m odel, w hich w as aim ed at accou n tin g for
qu alitativ e ch anges in p attern s of aphid

Low er tem peratures in Iceland could contribute
to greater w in ter m ortality, and restrict
population grow th in the spring. A holocycle
(C arter and A u stara, 1994) w ould m in im ise
w inter m ortality but again restrict population
grow th rate in late spring. Low w inter
tem peratu res m ight be expected to advance
budburst phenology and therefore restrict the
period w hen high quality nutrients are available.
Finally, low er incidence or absence of arthropod
natural enem ies m ay allow population grow th
later in the summer. Som e of these ideas can be
tested w ith relatively sim p le in teractiv e
com puter m odelling (Barlow and Dixon, 1980).
The model
M uch of the fine detail that characterises real
spruce aphid populations is absent from the
com puter m odel. The aim of the m odel is to
capture the m ost essential features of the pest
population, enough to reproduce the form of
population trends and test the aforem entioned
ideas, but never com plex enough to m ake high
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Figure 4 .8 Simulation o f British aphid populations in one year
with density dependence coefficients o f 0 .5 , 1 and 2.5.
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density-independent nym phal m ortality made
little difference to the shape of the seasonal
trajectory (Figure 4.10). Finally, the model was
very sensitive to the timing and age distribution
of the seeded population at the start of a year.
Delays to seeding (modelling holocyclicity, for
exam ple) or changing the pop ulation age
structure, produced sign ifican t delays or
advances in the timing of the peak, and in some
cases, produced extra generations.
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In conclusion the model lends support to the idea
that temperature differences between Britain and
Iceland can explain in large m easure the different
pattern of w ith in -year pop ulation dynam ics
observed in these different regions.

Figure 4 .9 Simulation o f Icelandic aphid populations in one year.

Discussion
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The accumulation of aphid population data from
a range of sources has provided an opportunity
to evaluate their relative m erits. Sam ples of
spruce foliage on which aphids are counted, give
the most reliable estim ates of population levels
and enable detailed stu dies of processes
governing population dynamics. On the other
hand they are expensive to collect and necessarily
limited to selected sites, and are difficult to justify
for routine long-term m onitoring or to provide
pest m anagem ent guidance. The correspondence
betw een aphid counts in forests and suction trap
catches, suggest that the latter would be useful as
a regional tool and would provide information
on long term trends. C om parison of w idely
separated trap catches is less reliable, partly
because regions differ in the extent of Sitka
spruce forest established.

D

Figure 4 .1 0 Simulation o f British aphid populations in one year
showing

the

effect o f

rem oval

of

background

density-

independent nymphal mortality.

dynam ics, did not express population densities
relative to units of plant habitat (e.g. the number
of needles) but expressed population density as
an arbitrary scale.
Results o f m odelling and sensitivity analyses

Climate is of overriding im portance to the spruce
aphid, in determ ining range and abundance.
Some sporadic occurrences of the aphid may
appear anom alous (see Chapter 1) but m ost
patterns are understood in the context of winter
climate and weather and other thermal inputs
w hich may influence the tim ing of periods of
pop ulation
increase
and
decline.
These
relationships
can be
characterised
w ith
sim ulation and m ultivariate m odels and the use
of m odelling should be extended as more reliable
data on aphid abundance becom es available from
additional European regions. N atural enem ies
are also im portant because it appears they m ay
m oderate the levels of abundance which aphid
populations reach (Chapter 6) rather than change
the fundamental pattern of population change
during the year, w hich is m ore strongly
determ ined by the nutrient flux in needle sap.
Since foresters are m ore likely to be concerned

Predicted dynam ics of the m odel corresponded
quite well w ith the know n pattern in Britain
(Figure 4.8) although, w ithout predators after the
population crash in July, num bers continued to
rise into the autum n. U sing Iceland ic field
tem peratures, the m odel predicted a later peak in
aphid abundance in August (c.f. actual Iceland
peaks in m id-July) and a second peak in autumn
(Figure 4.9). The results are encouraging and
suggest a d om inant role for tem perature in
defining patterns of aphid population dynamics
in Iceland.
The degree of density-dependence incorporated
into the m odel did not appear to be particularly
influential in determ ining the seasonal dynamic
pattern. O nly w ith very wide variations in the
p aram eter
value
did
dynam ics
change
significantly (Figure 4.8). Similarly, removal of
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foliar environm ents w here conditions for some
su rv iv ors m ay be m arginally better than
elsew here. D eterm in in g the environ m en tal
con ditions in a forest w h ich allow su rvival
during the sum m er is particularly perplexing
because population density is so low (Parry, 1979;
Thacker, 1995). Fisher and D ixon (1986) m ake the
observation that a forest of Sitka spruce exhibits
fairly synchronous bud burst and the quality of
hosts during the lim ited p eriod of aphid
m igration is correspondingly uniform , despite
potentially different aphid population densities
betw een trees. The aphid's m igratory strategy is
m ore likely to be successful in a forest of its
(probable) natural host N orw ay spruce in which
the tim ing of bud burst varies m ore and where
m igrating aphids m ight find trees w hich are both
less heavily infested and of a better quality.
N ev ertheless, there are som e w ell-stu d ied
plantation forests of young Sitka spruce w here
budburst differs on individual trees by up to one
m onth (Straw, personal com m unication); under
such conditions aphid populations should be
expected to persist rather better.

w ith the size of population peaks (Chapters 2 and
3) rather than w hether there is a peak or not, this
m akes n atu ral en em ies and th eir p oten tial
biocontrol a more appealing subject for further
research.
Population data from quite independent sources
confirm s the existence of density dependent
processes operating on spruce aphid populations
betw een years. O ther aphids on deciduous trees
also exp erien ce ov ercom p en satin g density
dependence (Barlow and Dixon, 1980; W ellings et
al., 1985) but this occurs w ithin years, w hereas
betw een year dynam ics are governed by strong
density dependence. Intraspecific com petition
operating through ch anges in aphid quality
appears to be the m ain process responsible for
regulation, together w ith additional effects of
natural enem ies (Dixon, 1990). So far we have no
know ledge of annual differences in spruce aphid
quality w hich could contribute to betw een-year
d ensity d epend ence, alth ou gh aphid quality
certainly changes dram atically w ithin a year.
Loss of n eed le h ab itat m ay play a p art in
regulation, particularly since the rate of needle
loss is proportional to aphid density (Day and
M cClean, 1991) and it appears that som e needles
are lost even at low aphid population density
(Chapter 2). It is noticable that adult aphids are
particu larly vagile (Day, 1986) and therefore
could be expected to m ove from needles prior to
abcission ; the proxim al cause of p op u lation
change m ay therefore be starvation and losses of
m ore m ature aphids (with greater reproductive
value) as they com pete at ever higher population
density. A phid s frequently u nd ertake kinetic
m ovem ents in response to the variable quality of
the en v iron m en t (D ixon, 1985) and these
m ovem en ts m ay in v olv e agg regation or
centrifugal dispersal in response to local resource
status and the presence of other aphids. The
evidence for density dependent redistribution of
aphids is m ixed. Thacker (1995) w orking with
populations at low m ean density w as not able to
confirm regulatory processes at the level of
individual trees, w hereas Day (1986) observed
m uch clearer evidence for this in populations at
higher m ean densities. Population declines on all
trees as sap quality deteriorates, but it is more
m arked on trees w here population has reached a
higher peak density.

The p op ulation dynam ics of spruce aphids,
although strongly affected by w eather and
clim ate, are equ ally strongly m oderated by
internal processes w hich encou rage stability.
Regions and climates w ith sporadically colder
conditions could expect higher variability in
population levels. Thacker (1995) suggests that
populations should exhibit lower variability as
m ean tem peratu res increase. In a separate
analysis of alate populations in Britain, Zhou et al.
(1997) conclude that spruce aphid populations are
characterised by 'noise m uffling' - the effects of
perturbation decay to zero over time, the system 's
in trin sic dynam ics are predictable and any
unpredictability is due solely to the direct effects
of external noise. That is to say spruce aphid
p op ulation s show little evid en ce for chaotic
behaviour generated by endogenous processes.
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Chapter 5

A conspectus of potential natural enemies
found in association with the green spruce
aphid in north-west European spruce
plantations
0ystein Austara, Clive Carter, Jorgen Eilenberg, Gudmundur Halldorsson
and Susanne Harding

Summary
An account is given of a three year survey of potential natural enem ies of Elatobium abietinum from
spruce plantations in Denm ark, Great Britain, Iceland and Norway. Special emphasis was given to
surveys of Sitka spruce plantations in N orway which has sim ilar climatic conditions to that of Iceland.
Some 28 species of Coleoptera; 6 species of Diptera; 6 species of Neuroptera; 5 species of Hem iptera; and
9 species of Araneida, all potential aphid predators, were found in association with E. abietinum during
this study. Parasitoids and hyperparasitoids num bering seven species were reared from m umm ified
E. abietinum. Six species of insect pathogenic fungi were found, five of which are newly recorded using
E. abietinum as a host; only one species, Neozygites fresenii, was found in all four countries. The
distribution of these natural enem ies and their significance for regional differences in the developm ent
of E. abietinum populations is reviewed and discussed.

Introduction
during the winter, their effect may not be entirely
beneficial since they m ight select parasitized
aphids which are more conspicious (Hanson,
1951).

O bservations of natural enem ies of the green
spruce aphid, Elatobium abietinum Walker, have
hitherto m ainly concerned predators. A diverse
fauna of m ainly arthropod predators, but also
bats and birds (Theobald, 1914; Hussey, 1952;
Bejer-Petersen, 1960), have been recorded. It is
generally accepted that coccinellids, hemerobiids
and syrphids are the m ost im portant predators
(Hussey, 1952; Borner and Heinze, 1957; von
Scheller, 1958 and 1963; Ohnesorge, 1959; BejerPetersen, 1962; C rute and Day, 1990). M ost
attention has been given to the coccinellids,
am ong w hich adults and larvae of Aphidecta
obliterata, Anatis ocellata, Coccinella ll-punctata,
C. 7-punctata and M yzia oblongoguttata have been
sp ecifically m en tion ed as very frequently
occurring on Sitka spruce infested by E. abietinum
(von Scheller, 1958; Bejer-Petersen, 1962). Spiders
(Araneidae) have been considered as very likely
contributors to aphid m ortality due to high
num bers of aphid cadavers observed in webs
(von Scheller, 1958; Bejer-Petersen, 1962), but
neither species nor quantifications of impact are
given. A lth ou g h b ird s m ay be of some
im portance, as they are the only active predators

Records of parasitoids are m uch less frequent
than records of predators. H anson (1951)
m entions the im portance of parasitoid s in
controlling E. abietinum and H ussey (1952)
observed up to 15% parasitism of E. abietinum
populations during late summer. Other authors
(von Scheller 1963; Parry 1969) report m uch
lower values. Several hym enopteran parasitoids
have emerged from m umm ies of E. abietinum; of
these only a few have been identified: Ephedrus
koponeni (Halme, 1992), Lysaphidus schimitscheki
(von Scheller, 1963) and Praon flavinode (Fulmek
cited in von Scheller, 1963).
There have been very few observations of
pathogens on E. abietinum. Both von Scheller
(1958) and Ohnesorge (1959) claim how ever that
an unidentified fungal insect-pathogen, which
they found on E. abietinum , reduced the
population significantly. O nly one species,
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Entom ophtora planchoniana, has been recognized
as a pathogen being able to cause substantial
m ortality w ithin populations of E. abietinum (Day,
1984, 1986). A ccording to these observations the
fungus was found to be im portant quite early
during the season, resulting in m ore than 12%
m ortality am ong the aphids.

1991; A gnarsson, 1996). W ithin the m ost
im portant groups of predators (i.e. coccinellids,
hem erobiids and syrphids) only four species are
present in Iceland: Syrphus ribesii, S. torvus,
Parasyrphus tarsatus and Coccinella 11-punctata;
only one of them , S. ribesii, is com m on. A s far as
oth er p redators are concerned, the carabid
N otiophilus biguttatus is com m on and seven
species of Em pididae are present in the country.
Several tree dw elling arachnids are present, some
of them com m on (Agnarsson, 1996). Considering
the parasitoids, two Praon species are present and
Aphelinus abdom inalis w hich is also know n as a
hyperparasitoid. The hyperparasitoids Asaphes
suspensus and A. vulgaris are also present in
Iceland.

Importance of natural enemies
The effect of natural enem ies on the dynam ics of
anholocyclic populations o f the green spruce
aphid has been a subject of som e controversy. In
oceanic regions w here this species can continue
to breed throughout the winter, the resulting
populations reach a peak in late spring/early
sum m er (Carter and Cole, 1977; Day, 1984; Carter
and N ichols, 1988; Crute and Day, 1990). After
bud burst the num bers decline and stay at a low
level through out the grow in g season. This
pattern of population developm ent has been
claim ed to be due to changes in the nutritional
value of the phloem sap and not caused by the
effect of natural enem ies (Parry, 1 9 6 9,1974,1979).
In earlier studies predators and parasitoids were
considered to be the m ost im portant factor in the
dynam ics of the sum m er population of the aphid.
H ussey (1952) found that aphid populations
which were protected from predation increased
d u rin g the sum m er, w hereas u np rotected
populations decreased. As m entioned above, the
im p ortance of n atu ral en em ies has been
em phasised by other authors (H anson, 1951; von
Scheller, 1958; O hnesorge 1959) and biological
control of E. abietinum by the coccinellid Aphidecta
obliterata L. has been attem pted (Schneider, 1966).
There now seem s little doubt that both host plant
nutrition and natural enem ies play significant
roles in the seasonal and year to year population
dynam ics of the aphid (Chapters 4 and 6).

Crute and Day (1990) have suggested that the
d ev elo p m en t of p op u lation s in sum m er/
autum n/w inter cannot be explained exclusively
by changes in the nutritional value of phloem sap
and that it is m odified by natural enem ies. In a
m od ellin g exp erim en t they found a sim ilar
population developm ent to that of Iceland w hen
certain predators (syrphids) were excluded from
the m odel (these ideas are developed further in
Chapter 6). It is therefore likely that the different
natural enem y com plexes in Iceland and in other
regions m ay account for the dissim ilarities in
aphid population developm ent.
M ost observations of the natural enem ies of
E. abietinum have been m ade in Central Europe
and only few records exist from the oceanic
region of north-w est Europe. Recognizing the
need of reconsidering the im portance of natural
enem ies, a survey of potential natural enem ies of
the green spruce aphid w as conducted in 1993-95
in Norway, Denm ark, Great Britain and Iceland.
The aim of the stu dy w as to gain fu rth er
inform ation on natural enem ies of E. abietinum in
m aritim e n orth -w est Europe w ith a sp ecial
em phasis on areas in N orw ay w hich m ay later
serve as a source for possible introductions of
natural enem ies to Iceland. A full description of
this survey is given in A ustara et al. (1997)

A d ifferen t d ev elo p m en t of an h olocyclic
populations has been observed in Iceland w here
E. abietinum has recently been introduced; a
population peak occurs in the autum n/early
w inter (Ottosson, 1985). Population peaks occur
rarely in the autum n elsew here, but H anson
(1951) observed an autum n peak in E. abietinum
pop u lation s in E n glan d in 1950, after the
predator populations had declined and Carter
(1969) recorded a sim ilar unchecked w inter event
in Scotland during exceptionally mild w inter
weather. A lso from D enm ark a few records exist
of local defoliation due to the green spruce aphid
in late autum n (1981 and 1993) (Harding, 1994;
H arding and Carter, 1997). It is know n that very
few of the predators considered to be im portant
to E. abietinum are found in Iceland (Olafsson,

Survey of natural enem ies in
maritim e regions of north-west
Europe 1993-95
The survey conducted in 1993-95 is the first and
only com prehensive record of natural enem ies
focu ssin g on their presen ce in an h olocyclic
pop ulations. P red ators and parasitoid s w ere
sam pled in N orw ay and Great Britain; due to low
spring and sum m er population levels in Iceland,
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sam pling of predators w as unsuccessful.
Pathogens were sam pled in all countries and
diagnosed in Denm ark.

Picea sitchensis and P. littzii in 69 localities in JuneA ugust; the surveyed area extended from
latitudes well south of, to well north, of Iceland
(62°N -69°N ) in order to cover the area of
potential sources of natural introductions to
Iceland. In Britain, 14 localities were sam pled for
natural enemies in both P. abies and P. sitchensis
stands ranging from 51°N on the English-W elsh
borders to 57°N in the Scottish Uplands.

In N orw ay and Britain sam ples of predators were
taken randomly, at up to approxim ately 2 m
height in the canopy, by beating branches over
trays and b y d irect visu al observations. In
Norway sam pling w as done in plantations of

Table 5 .1 a

Sam pling of E. abietinum for exam ination and
diagnosis of insect pathogenic fungi in N orway
was carried out sim ultaneously w ith sam pling
for predators and parasitoids. In Great Britain,
aphids putatively infected by insect pathogenic
fungi were collected during spring and in
N ovem ber from densely colonised trees in
southern England and in W ales. In Iceland
sam ples for pathogens were taken at 25 localities
along the coast, of which 20 sam ples were taken
during the autumn peak in October-December.
The Danish samples were taken during spring
and during an unusual autum n attack in 1993 in
the north-west part of the country (Harding,
1994).

Potential invertebrate predators o f Elatobium

abietinum in maritim e north-west Europe

S p e c ie s

R e c o rd e d * d u rin g
th e stu d y 1993-95

E a rlie r record s

C o le o p te ra
C o rc in e llid a e
A n a tis o cella ta

GB

a, f, g, h, i

A d a lia 2 -p u n c ta ta

N, GB

b, j
e, i
a, b, e, f, g, h,

A . 1 0 -p u n c ta ta

N, GB

A p h id e c ta o b lite r a ta

N, GB

C alv ia q u a tu o r d e c im p u n c ta ta

GB

C o c c in ella 7 -p u n c ta ta

GB

a, f, h, i

C. 1 1 -p u n cta ta

h, i

C h iero g ly p h ic a

b , e, i

E x o c h o m u s q u a d r ip u s tu la tu s

GB
a, h, i

M y z ia o b lo n g o g u tta ta
P r o p y lea 1 4 -p u n c ta ta

GB

S c y m n u s a b ietis

GB

Populations of E. abietinum were generally low
during the survey period. In Norway,
E. abietinum was not found in several localities.
The species recorded from N orway were thus not
necessarily found w ith the aphid. In Britain,
however, 1995 was a m oderate outbreak year.

b , e, i
i

C a n th a rid a e
C an th a ris d ec ip ien s

GB

C. n ig rica n s

d
h

C. liv id a
GB

h

C. o b sc u ra
C. p a llid a

GB

C. robu sta

GB

C. ru fa

GB

The natural enem ies - predators, parasitoids and
pathogens - that have been recorded on
anholocyclic populations of E. abietinum in
maritime regions of north-w est Europe, are listed
in Tables 5.1-5.3. The tables give a full record of
the recent findings (Austara et al., 1997) together
with old records. Only arthropod predators are
included and vertebrate predators are om itted
from Table 5.1.

h
h

C. ru stica
M a lth o d es fu s c u s

GB

M . m a rg in a tu s

GB

P o d a b ru s a lp in u s

GB

R h a g o n y c h a fe m o r a lis

GB

R . lig n osa

N

R . lim b ata

N

R . testacea

GB

c

C a r a b id a e
D rom iu s q u a d r in o ta ta

GB

h

N o tio p h ilu s b ig u tta tu s

GB

h

Predators
Som e 28 species of Coleoptera, 6 species of
Diptera, 6 species of N europtera, 5 species of
Hemiptera and 9 species of Araneidae, which are
all potential aphid predators, were found in
association with E. abietinum during the study
1993-95 (Tables 5.1a, 5.1b). Interestingly, only
6 species, the three coccinellids C. 11-punctata,
C. hieroglyphica and M. oblongoguttata, and the
three cantharids, C. rustica, C. obscura and
C. livida, previously found in association with the
green spruce aphid and generally considered to
be im portant in regulating aphid num bers, were
not encountered during the recent study. O f the
54 potential predators found, 12 have been

E la te rid a e
A g rio tes p a llid u lu s

GB

A th o u s h a em o r rh o id a le s

GB

A th o u s s u b fu s c u s

N

D en tic o llis lin ea ris

GB

D o lo p iu s m a rg in a tu s

GB

L io tric h u s a ffin is

N

S e la to so m u s in c a n u s

GB

h

‘ R e c o rd e d in D K = D e n m a rk , G B = G re a t B rita in , Ic= Icela n d ,
N = N o rw a y , N I= N o rth e r n Ire la n d . A ll n e w re co rd s are
g iv e n in A u s ta ra e t al. (1 9 9 7 ).
a B e je r -P e te r s e n (1 9 6 2 ), b B o m e r a n d H e in z e (1957), c C a rte r
(1 9 7 3 ), d F r a z e r (1 9 8 8 ),e H u s s e y (1 9 5 2 ), f O h n e so rg e (1959),
g P a rry (1 9 9 2 ), h v o n S c h e lle r (1 9 5 8 ), i v o n S c h e lle r (1963),
j T h e o b a ld (1 9 1 4 ).
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Table 5.1b Potential invertebrate predators o f Elatobium

Table 5 .2 Mummies, and parasitoids emerging from Elatobium

abietinum

abietinum

S p e c ie s

R e c o rd e d * d u rin g

E a r lie r re co rd s

S p e c ie s

R e c o rd e d * d u rin g

E a rlie r

th e stu d y 1993-95

re co rd s

th e s tu d y 1993-95

D ip te r a

T y p e*

H y m e n o p te r a
a, b, e, f, g, h, i

S y rp h id a e

A p h id iid a e

M ela n o s to m a s c a la r e

GB

L y s a p h id u s s c h im its c h ek i

N, GB

m, i

P

E p isy r p iw s b a ltea tu s

GB

P ra o n sp.

N, GB

i

P

S y rp h u s rib esii

G B , Ic

A p h e lin id a e

S. torv u s

N

A p h elin u s a b d o m in a lis

P a r a s y r p h u s sp .

N

P te r o m a lid a e

E m p id id a e

N

1

N e u ro p te ra
H e m e r o b iid a e
H e m er o b iu s a tr ifro n s

N

H . p e re leg a n s

N

H . p in i

N

H . sim u la n s
H . stig m a

N

W esm a eliu s n erv o su s

N

N

i
N

P&H

A sa p h e s s u sp e n s u s

N

n

H

A . v id g a ris

GB

H

A sa p h e s sp .

N

h, i
n

C o ru n a cla v ata

N

n

H

H

N , Ic

M u m m ie s

* T y p e: P = p a ra s ito id , H = h y p e r p a ra s ito id
b

m M a c k a u e r an d S ta r y (1 9 6 7 ), f O h n e s o rg e (1 9 5 9 ),
h v o n S c h e lle r (1 9 5 8 ), i v o n S c h e lle r (1 9 6 3 ), n S u lliv a n (1 9 8 8 ).

H e m ip te r a

Table 5 .3 Insect pathogenic fungi isolated from Elatobium

A n th o c o r id a e
A n th o c o ris n em o ru m

N

k

abietinum

M irid a e
P s a llu s p e rr isi

GB

P. v a ria n s

GB

P. w a g n eri

GB

A lr a c to m u s sp.

GB

A R A C H N ID A

P a th o g e n

E a r lie r re co rd s

th e stu d y

Z Y G O M Y C O T IN A

i

A r a n e id a

E n to m o p h th o r a le s

A ra n e id a e
M e ta s eg m e n ta ta

N

M eta m en g ei

N

A n c y lis ta c e a e

L in v p h iid a e
D r a p e s tic a s ocia lis

GB

B o ly p h a n tes in d ex

N

L e p th y p h a n te s ten u is

N

L. o b sc u ru s

N

C o n id io b o lu s o b sc u ru s

GB

C. c o ro n a tu s

GB

E n to m o p h th o ra c e a e
E n to m o p h th o ra p la n c h o n ia n a
E ry n ia (= P a n d o r a ) n e o a p h id is

DK

o, p

DK

N e o z v g ita c e a e

T h e rid iid a e
T h e r id io n sisy p h iu m

R e c o rd e d * d u rin g

GB

N e o z y g ites fr e s e n ii

G B , D K , Ic,

Z o o p h th o r a p h a lio id es

DK

N

T h o m is id a e
X y stic u s sp.

N

L v c o sid a e

N

O p ilio n e s

* R e c o rd e d in D K = D e n m a r k , G B = G r e a t B r ita in , Ic =
Ic e la n d , N = N o rw a y
o D a y (1 9 8 4 ), p D a y (1 9 8 6 ).

GB

consequently used to evaluate the predator status
of the sam pled species.

* R e c o rd e d in D K = D e n m a rk , G B = G re a t B r ita in , Ic= Ic e la n d ,
N = N o rw a y
a B e je r -P e te r s e n (1 9 6 2 ), b B o m e r a n d H e in z e (1 9 5 7 ),

C occin ellid s are kn ow n to be im p o rtan t
predators of E. abietinum (Borner and H einze,
1957; von Scheller, 1958; O hnesorge, 1959; BejerPetersen, 1962; Parry, 1992). Species previously
observed in increased num bers on aphid infested
trees w ere also recorded during the survey. Two
coccin ellid s h ith erto n ot con n ected w ith
E. abietinum were found in Great Britain. In
Norway, the three coccinellid species were found
in various localities in 1993 on Elatobium -infested
trees. In 1994 and 1995 no specim ens were found
in the m ore northern localities. H ow ever, in
N orw ay Aphidecta obliterata has never been found
north of 63°N, and the northernm ost know n

k H o d g s o n a n d A v e lin g (1 9 8 8 ), e H u s s e y (1 9 5 2 ), f O h n e s o rg e
(1 9 5 9 ), g P a rry (1 9 9 2 ), h v o n S c h e lle r (1 9 5 8 ), i v o n S c h e lle r
(1 9 6 3 ), 1 S u n d e rla n d (1 9 8 8 ).

m entioned sp ecifically by oth er au th ors as
predatory on E. abietinum the rem ainder are new
records.
The survey of predators w as not planned in a
w ay that m akes it possible to exclude casual finds
of predators from system atic presence or absence
on trees in fested or n ot in fested w ith
E. abietinum . N o feed in g exp erim en ts w ere
u n d ertak en
and
literatu re
records
are
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records of A dalia bipunctata and A. decempunctata
are from the eastern parts of Nord-Trondelag
county (about 64°N ) (Vik, 1991).

Anthocoris nemorum is considered an important
predator of aphids (Hodgson and Aveling, 1988).
This species was found in several localities
on infested as w ell as on uninfested trees.
Although no previous records exist connecting
A. nemorum to Elatobium, it is reasonable to
assume that it is a genuine predator of the green
spruce aphid since it was found on trees infested
by this aphid both in 1993 and 1995, and it has
been regularly observed on aphid-infested
spruce shoots in N orthern Ireland (Day, personal
communication).

W ithin the C anth arid ae, several species are
known to be aphid predators (Frazer, 1988). Von
Scheller (1958) found 3 species com monly with
E. abietinum, and Rhagonycha lignosa has been
recorded in great num bers from E. abietinum
attacked trees in Great Britain (Carter, 1973). R.
lignosa and R. limbata w ere found in Norway on
aphid infested trees; the form er species is not
know n fu rth er north than about 63°N, but
R. limbata, however, has been recorded even from
Finnm ark county (Vik, 1991). So, if R. limbata
feeds on E. abietinum , low aphid population
levels m ay be the reason w hy this species was not
encountered during surveys in the northern
localities.

Species within the spider families listed in Table
5.1b have been recorded as predators of aphids in
forests (Sunderland, 1988). Von Scheller (1963)
states that in an outbreak area of E. abietinum,
large numbers of arachnids were present and
contributed considerably to the reduction of
aphid num bers. Theridion sisyphium m akes
effective webs across the spaces betw een shoots
of thicket stage spruce and ensnares great
num bers of alate aphids in early sum m er in Great
Britain; Drapestica socialis makes no web, but
hunts on the trunks of larger trees where it would
encounter aphids on epicormic shoots.

In forests, aphids m ay form only a minor part of
the diet of carabids (Sunderland, 1988). Only two
species h ave been m entioned in relation to
predation on E. abietinum (von Scheller, 1958).
One of these, N otiophilus biguttatus, was
frequently recorded from tree canopies during
the survey in Great Britain. Elaterids are known
to feed on lach n id s on w oody plants
(Sunderland, 1988). The genus A thous is
recognized to contain predators of E. abietinum,
and A. subfuscus has been found feeding on E.
abietinum (von Scheller, 1958). A. subfuscus was
also found in N orw ay in 1993 and 1995, both
years on trees infested by E. abietinum.

Parasitoids
Most of the hym enopterous parasitoids were
collected as mummies, the adults emerging in the
laboratory (Table 5.2). Som e of these turned out
to be hyperparasites, am ong which Asaphes spp.
and Coruna clavata (Sullivan, 1988) were found.
Aphelinus abdominalis may act as a parasitoid as
well as a h yperp arasitoid. Species w ithin
Aphidiidae were recorded in N orway during all
three years and the parasitoid Lysaphidus
schim itscheki, w hich has previously been
observed parasitizing E. abietinum in Germ an
populations (von Scheller, 1963; M ackauer and
Stary, 1967), was identified in N orw egian and
British populations. Others were found to belong
to the parasitoid genus Praon. The specific
E. abietinum parasitoid Ephedrus koponeni
described from Finland (H alm e, 1992) has
surprisingly not been found in north -w est
Europe.

A m ong Sy rp h id ae and H em erobiidae there
are also im portant predators of E. abietinum
(Borner and H einze, 1957; Hussey, 1952;
von Scheller, 1958, 1963; Ohnesorge, 1959; Crute
and Day, 1990), but although it is generally
thought that syrphid larvae have an im pact
on E latobium pop ulation s, no species had
been id en tified u n til the three-year survey
1993-95. A lso w ith in the dipteran fam ily
Em pididae there are predators of aphids living
on forest trees (Su nd erland , 1988). The
u nid en tified ad u lt species recorded was
collected on trees w ith large num bers of
E. abietinum , but w ithout finding any Diptera
larvae. H em erobiids are am ong the very few
predators w hose q u an titativ e effects on the
population dynam ics of E. abietinum have been
subject of analysis (Crute and Day, 1990, c.f.
Chapter 6). In Norway, hem erobiids were found
during all three years both on infested and
uninfested trees. Larvae of Hemerobius atrifrons
were
ob serv ed
v oracio u sly
feeding
on
E. abietinum on trees in the field.

Pathogenic fu n gi
Until the recent investigation of natural enem ies
only one pathogen, Entomophthora planchoniana,
had been documented from E. abietinum. During
the survey another five species of insect
pathogenic fungi, all from Z ygom ycotina:
Entom ophthorales,
w ere
isolated
from
E. abietinum (Table 5.3). Neozygites fresen ii was
found in all countries; in N orway and Iceland it
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w as the only pathogen isolated. In Iceland, no
infection w as observed during the survey in
spring 1994; during the autum n peak, infection
levels varied betw een 0 and 19.8% in sam ples
collected in O ctober and Novem ber, w hereas
only tw o out o f 3577 aphid s sam pled in
D ecem ber were infected. In D enm ark and Wales
quantitative studies show ed that infection levels
never exceeded a few percent.

N evertheless, indications are given that specific
natural enem ies m ay under som e circum stances
aid in d eterm in in g aph id n um bers and
the p attern o f p op u lation developm ent.
Experim ental evidence (Crute and Day, 1990)
indicates that absence of certain predators may
exp lain an au tu m n p eak of E. abietinum
populations as it is know n in Iceland. O nly a few
of the natural enem ies recorded in the three-year
survey in m aritim e north-w est Europe or earlier
have been found in Iceland. The surveys thus
indicate that several im portant natural enem ies
are absent, w hich m ay account for the difference
in tim ing of aphid population developm ent. The
northerly coastal areas of N orw ay w ith a clim ate
sim ilar to that of Iceland, and w ith a richer fauna
of natural enem ies m ay how ever serve as a
suitable source of possible introductions.

The species E. planchoniana, C. obscurus, N. fresen ii
and E. neoaphidis rep resent the fou r species
of insect pathogenic fungi w hich have often
b een docu m en ted as com m on path ogen s
on aphids in annual cropping system s (Papierok
and H avu kkala, 1986; Fen g et al., 1991;
Keller, 1987; Keller, 1991; Balazy, 1993; Steenberg
and Eilenberg, 1995). The com position of species
is
therefore
sim ilar
to
several
other
aphid-pathogen system s. Z. phalloides is also
kn ow n from aphids, but is m ore rare
(Keller, 1991). This species m ay be specifically
ad apted to a forest ecosystem . C. coronatus
is a gen eralist am ong E n to m op h th o rales
isolated from a range of insect species (Balazy,
1993).
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Chapter 6

The quantitative impact of natural enemies
and the prospect for biological control
Simon R. Leather and Neil A. C. Kidd

Summary
The arthropod natural enem ies of the green spruce aphid are little known, rarely studied and poorly
understood. The m ajor groups identified in studies in Scotland, England, Northern Ireland, Germany
and D enm ark are the aphidophagous syrphids , lacewings and coccinellids. Parasitoids have also been
recorded as causing som e im pact on aphid populations although recorded parasitism rates rarely exceed

10%.
The m ost com m only identified predator is the ladybird Aphidecta obliterata, although two other species
have been found feeding on green spruce aphid, Coccinella septempunctata and Adalia decempunctata.
Despite syrphids being poorly identified and possibly under-recorded, com puter simulations indicated
that they could be of use in reducing the num bers of the green spruce aphid. The possibility that host
plant effects influence predator and parasitoid efficiency was considered.
A sim ple m odel to explore the possible role of predation in regulating the num bers of E. abietinum was
developed and indicated that both coccinellid predators and hym enopteran parasitoids could play an
im portant role in depressing aphid numbers.

Introduction
The green spruce aphid, Elatobium abietinum
(Walker) (H om optera: Aphididae), has long been
regarded as the m ajor aphid pest of spruce
throughout Britain and Europe (Bevan, 1966). Its
two m ain host plants in Britain and Europe are
Sitka spruce (Picea sitchensis (Bong.) Carr.) and
N orw ay spruce (Picea abies (L.) Karst.).

identified as possibly regulating num bers of
E. abietinum but their effects have rarely been
quantified (Leather and Owuor, 1996). For
exam ple, the sum m er decline in num bers of
E. abietinum on spruce has been attributed to the
action of natural enem ies (Hussey, 1952) and the
same natural enemies were reported to maintain
the pop ulation at extrem ely low levels
throughout the summ er m onths until N ovem ber
w hen the population rose again due to a decline
in natural enemy activity. Although it is now
generally agreed that host plant n utrient
availability governs the m ost significant seasonal
changes in aphid num bers (Chapter 4), predators
alw ays have the capacity to determ ine the
am plitude of seasonal population fluctuations
(Day and Crute, 1990). Aphid specific predators
such as coccinellids and syrphids have been
identified as the m ost abundant group of natural
abietinum
enem ies
associated
w ith
E.
(Bejer-Petersen, 1962).

N ym phs are produced all year round by both
winged and w ingless fem ales (Hussey, 1952).
A lthough the overw intering egg stage is seldom
know n to occur in Britain, E. abietinum is able to
survive the w inter period and continues to feed
and rep rod uce p arth en ogen etically (Carter,
1971). In D enm ark, the egg stage is rarely found
and m ost aphids overw inter anholocyclically
(Bejer-Petersen, 1962; H arding and Carter, 1997).
As there are few or no natural enem ies to feed on
it during the winter, populations can build up
rapidly at the onset of spring and usually reach a
peak in the m onth of June (Parry, 1977; Dixon,
1985; Day, 1984). Outbreaks are m ost likely to
occur after a m ild w inter (Bejer-Petersen 1962;
Parry, 1969, Carter, 1971).
Several

n atu ral

enem y

species

have

In contrast to agricultural aphid species where a
num ber of studies have been conducted on the
role and nature of their natural enem ies (e.g.
Carter et al., 1982; Leather et al., 1984), few studies

been
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on the n atu ral en em ies of aphid p ests of
econ om ically im p o rtan t trees h ave been
reported. Studies on the natural enem ies of some
deciduous tree feeding aphids however, have
been m ade in som e detail (e.g. Dixon, 1970). Two
n otable excep tion s
are the p ine aphid
Schizolachnus pineti and the large pine aphid
Cinara pinea, w here the natural enem y com plex is
relatively well know n (Kidd, 1982, 1990). M any
of the predators are generalists but in the case of
S. pineti, syrphids are regarded as being of great
im portance (Kidd, 1982).

rep ort
con su m p tion
rates,
in stead
he
con cen trated on p h y siolo g ical and p h ysical
ch aracteristics of the coccin ellid s su ch as
respiration rates and fat content.
The only study involving coccinellids that reports
consum ption rates and attem pts to quantify the
direct effects of predation rates on E. abietinum is
a study of the two spot ladybird Adalia bipunctata
predating E. abietinum feeding on N orw ay spruce
(Picea abies) in England (Leather and Owuor,
1996). This study involved the use of sleeve cages
and also lab oratory stu d ies to in v estig ate
consum ption rates. The study w hich follow ed the
populations of sleeved and unsleeved paired
b ran ch es found that the only predator that
occurred in any num bers w as Adalia bipunctata.
The study revealed that A. bipunctata had a
functional response (feeding) that did not give a
density dependent relationship. It nevertheless
had a relatively strong num erical response both
aggregative and reproductive, that tended to
com pensate for this. The regression analysis
indicates that there w as a direct link betw een the
changes seen in the population grow th index of
the green spruce aphid and the abundance of
feeding stages of the coccinellids (Figure 6.1) and
that this fitted better if a tim e lag of one w eek was
in corp orated in to the (data (Figure 6.1). In
addition, there w as a significant and negative
relationship betw een the num bers of coccinellids
present and the population grow th index of the
aphids (Figure 6.2).

The biology of E. abietinum is relatively well
understood (Parry, 1969, 1976; Day, 1984, 1986;
Fisher and Dixon, 1986; Fisher, 1987) and the
effect of clim ate (Bejer-Petersen, 1962; Carter,
1971) and potential effects of clim ate change on
this aphid have been discussed (Straw, 1995).
However, inform ation on the effects of natural
enem ies is very lim ited, even to the extent that
m any of the p red atory sp ecies feed in g on
E. abietinu m rem ain u n id en tified , or the
quantitative effects of putative natural enem ies
are unknow n (Chapter 5).

A ssessm ent of natural
effects

enem y

In
ap h id op h ag ou s
p red ators,
en h an ced
reproduction can be of vital significance in their
efficacy as in m ost cases the im pact of these
natural enem ies is largely a result of the activity
of the juvenile stages (Mills, 1982). Som e authors
believe that the num erical response is the m ost
im portant com ponent in the total response by
natural enem ies and is largely responsible for
their regulatory effect (Rosen, 1985). It is thus
surprising that in only tw o studies on the im pact
of predation on E. abietinum has this and the
related variable, con su m p tion rate, b een
m easured (Crute and Day, 1990; Leather and
O w uor,
1996).
W ith ou t
som e
idea
of
consum ption rates by predators their potential
im pact is hard to determ ine.

Consum ption rates of Adalia bipunctata
Experim ents carried out at 20°C on each of four
larval stages u sing E. abietinum as the food
source, show ed that on average it took 11 days to

Coccinellids
A phidecta obliterata has been used previously
as a biocontrol agent of Adelges (Chermes) piceae
in the U SA (A m m an, 1966) and in C anada
(B row n and C lark, 1959). It w ou ld thus
have p oten tial as a b io lo g ical control agent
of E. abietin um . U n fo rtu n ately rep orts of
consum ption rates by A. obliterata have not been
reported. Parry (1992) com pared A. obliterata
feeding on E. abietinum w ith A. obliterata feeding
on A delges cooleyi, but unfortunately did not

Aphids per 100 needles

Figure 6.1 Relationship between number o f coccinellid feeding
stages present and number o f Elatobium abietinum present on

Picea abies trees without (—) and w ith {............) a one week lag.
y(no lag) = 0 .3 8 x + 0 .0 8 5 , r = 0 .7 6 , d f = 10, P < 0 .0 0 1 ; y (lag)
= 0.51 x - 0 .0 3 6 , r = 0 .7 7 , d f = 9, P < 0 .0 0 1 . (Data from Leather
and Owuor, 1996.)
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Figure 6.2 Relationship between number of
coccinellid feeding stages per 100 needles
and aphid population growth index. Lines
calculated from Leather and O w u o r (1996).

Coccinellids per 100 needles

Table 6.1 Consumption rates o f A d a lia bipunctata when fed on

Table 6.2 Searching behaviour o f larvae o f A d a lia bipunctata on

Elatobium abietinum at 20°C (data from Owuor, 1993)

young Picea abies saplings at 20°C

P re d a to r
in s ta r

1st

2nd

3 rd

4th

In s ta r

Sp eed

P r o p o r tio n o f tim e

num ber

o f m ovem ent

sp e n t o n b ra n ch es

cm /m in

%

1

3 .9

34

3

2 .8

50

4

1 .6

58

N um ber
e a ten

7 .8 ± 1 . 3

2 4 .4 ± 4 . 4

4 6 .9 ± 10 .4

19 2 .5 ± 1 1 .8

2 .9 %

8 .9 %

1 7 .3 %

70 .9 %

P ro p o rtio n
o f to ta l

g o from the e g g to the pupal stage (Owuor, 1993).
The four larval instars took 2.1, 2.9, 2.1 and 3.9
days respectively. O n average, to reach the pupal
stage required the consum ption of 271.2 aphids.
The m ajority of aphids were consum ed by the
fourth instar larvae w hich accounted for almost
71% of the total (Table 6.1).

Table 6.3 Habitat preferences o f the coccinellid species reported
attacking Elatobium abietinum (after Majerus and Kearns, 1989)

A d a lia d ecem p u n cta ta

T en s p o t la d y b ird , h e d g e ro w s,

A d a lia b ip u n ctata

T w o s p o t la d y b ird , d iv e rse

w o o d la n d
A p h id ecta o bliterata

L a rch la d y b ird , c o n ife r w o o d la n d s
o v e rw in te rs b a rk c re v ice s

Searching behaviour

A n a tis o cella ta

E y e d la d y b ird , c o n ife r w o o d la n d
e sp e c ia lly S c o ts p in e,

The searching b eh aviou r o f A. bipunctata
on potted P. abies trees (c. 60 cm in height) was
investigated
in
controlled
laboratory
cond itions at 20°C and long day length
(Owuor, 1993). Speed o f m ovem ent and
proportion of tim e spent searching branches for
first, third and fou rth instar larvae were
investigated . T he old er larvae were m ore
thorough in their search and spent more time
searching on each branch visited (Table 6.2). All
stages picked needles indiscrim inately to begin
searching, searched b etw een tw o and five
needles in a searching bout and then moved on
unless an aphid w as found. If an aphid was
found the area was searched m ore intensively
and needles were revisited and the num ber of
needles searched in the locality rose to between
15 and 40.

o v e rw in te rin g site s u n k n o w n
C occin ella sep tein p u n cta ta S e v e n s p o t la d y b ird , d iv erse ,
o v e rw in te rs in sh e lte re d site s in
a g g re g a tio n s
E x o ch o m u s 4 -p iistu la tiis

P in e la d y b ird , c o n ife r w o o d la n d ,
s o m e tim e s d e cid u o u s, o v e rw in te rs
in b a rk c rev ice s

H a rm on ia 4 -p u n cta ta

C re a m -stre a k e d la d y b ird , c o n ife r
w o o d la n d s e s p e c ia lly m a tu re S c o ts
p in e , o v e rw in te rs in b a rk c re v ice s

Ladybird habitat preferences
W hen exam ining potential can d id ates for
biocontrol roles it is im portant to ascertain the
habitat preferences of the organism in question.
O f the coccinellids m ost com m only reported
attacking E. abietinum, four can be classified as
conifer specialists, although in all cases Pinus
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Figure 6 .3 Effects o f predators on

140

the

p o p ulatio n

developm ent o f

Elatobium abietinum. Data from
Crute and Day (1990). Field results
(•),

model results w ith syrphids

and hemerobiids (A ), model results
w ith

no

predators

results w ith

(O ),

model

syrphids on ly

(□ ),

model results with hemerobiids only

(+)•

T im e in d ays

the effects of tem perature on the consum ption
rate of aphids by H. micans over a series of four
hour periods. N o inform ation on either the instar
of the prey or the predator w as available. The
n um ber of aphids consum ed per four hour
period ranged from 3.5 at 12°C to 9 at 24°C,
although consum ption rates levelled off at 17°C.
U sing these data in a sim ulation m odel Crute and
Day (1990) were able to show that hem erobids
were unlikely to have a significant effect on
num bers of E. abietinum in N orthern Ireland
(Figure 6.3)

sylvestris is cited as the m ost preferred habitat
(Table 6.3); one, A. decem pu n ctata, is m ost
com m only found associated w ith hedgerow s and
woodlands, im plying a preference for deciduous
trees and the other two species are reported as
being found in a wide variety of habitats.
H emerobiids
H em erobiids have been reported in a num ber of
studies (Chapter 5), but only one species has been
identified specifically, H em erobius micans, and
only one study has attem pted to assess the
im p act of h em erob iid s on pop u lation s of
E. abietinum (Crute and Day, 1990). H em erobiid
larvae were m ore com m on in the upper parts of
Sitka spruce crowns and rarest in the low er parts
of the crown. The experim ents reported looked at

Syrphids
Syrphid larvae, although frequently recorded
as feeding on E. abietinum (C hapter 5) have
received very little attention, both in term s of

Figure 6 .4

Parasitism

rates o f

Elatobium abietinum in Scotland at
a high density (■) and low density
(■ ) site. Data from Parry (1969).

Julian Date
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id en tification and in assessing consum ption
rates. O nly one stu dy has exam ined the
feed ing rates of syrphid s associated w ith
E. abietinum and this only exam ined the effects of
tem perature rather than instar and functional
responses.
As
w ith
the
hem erobiids,
con su m ption
w as
m easured
over
six
tem peratures on non-specified instars of prey
and predator. Consum ption rates ranged from
just under three aphids per 4 hour period at
12°C to ju st under five aphids per 4 period at
24°C. The consum ption curve levelled off at 17°C.
Using the sam e m odel as discussed earlier, Crute
and D ay (1990) were able to show that syrphid
larvae had a significant effect on num bers of
E. abietinum (Figure 6.3), and in fact suggested
that it is the effect of syrphid larvae that keeps
E. abietinum num bers at their characteristic low
levels throughout the summer.

To this end the model had to be able to:
1. m ake full use of available data on
consumption rates and searching behaviour
of predators and
2. be sufficiently simple to construct/program
without sacrificing realism.
On the second point it must be recognised that
insect predation is a com plex process and
previous simulation models have failed through
trying to incorporate too m any com ponents,
becom ing unwieldy, difficult to param eterize and
ultimately impossible for others to understand. It
is thus essential to capture the essence of the
predation process without getting em broiled in
fine detail.
The sim plest route to achieve these aims was to
modify the existing age-structured, N icholsonBailey type parasitoid model, which w as already
part of the POPULA computer sim ulation m odel
package developed by Kidd and his associates at
Cardiff (unpublished). The parasitoid m odel
works by having daily age groups divided into
two stages (Table 6.4a). W here events are
influenced by temperature, the age categories
shown in Table 6.4a are day-degrees rather than
days. Adults search at random as defined by the
N icholson-Bailey equ ation (single searching
coefficient a), and encounters with hosts each
result in an oviposition event. These are gathered
up and put in age group 1 at the end of each day.

Parasitoids
Parasitoids, although recorded in a num ber of
studies, do not appear to have a large im pact in
those cases w here their num bers have been
recorded (Parry, 1969). Using data from Parry
(1969) it was possible to calculate the im pact of
parasitoids on a high and low population of
E. abietinum in Scotland in one year (Figure 6.4).
Parasitism rates never exceeded 1% in the high
population, although in the low population a
parasitism rate of just over 10% occurred, but this
coincided w ith the alate m igration period.

The model

To use this model structure for an insect predator,
assume the parasitoid immature stage as being
equivalent to the predator egg stage and the
parasitoid adult as the larval and adult predators
(Table 6.4b). For simplicity, we can ignore the
pupal stage but it is easy enough to insert this
stage betw een larvae and adults. The larval
stage corresponds effectively to a pre-reproductive

The aim of this project was to produce a m odel of
predation which could be incorporated into the
generalised spruce aphid m odel (Day and Kidd,
1998) to assess a) the predator contribution to
observed aphid dynam ics in the field and b) the
possible opportunities for m anipulation through
biological control.
Table 6 .4

a) A g e s tru c tu re o f th e p a ra s ito id p o p u la tio n in th e m o d e l. T h e n u m b e r o f ag e g ro u p s in e a c h sta g e is v a ria b le , d e p e n d in g on
sp e c ie s. In th is illu s tr a tio n im m a tu r e d e v e lo p m e n t is 10 d a y s an d a d u lt d e v e lo p m e n t
[-----------------------------------Im m a tu re s----------------------------------- ]

Age

1

2

No.

5

5

3

4

5

6

7

8

9

8

d ay s

[-----------------------------A d u lts ----------------------------]

10

11

12

13

14

15

16

17

18

10

10

10

10

10

10

10

10

b ) A g e s tru c tu re o f th e p re d a to r p o p u la tio n in th e m o d e l. A g a in , th e n u m b e r o f ag e g ro u p s in e a c h sta g e is v a ria b le , d e p e n d in g
o n s p e c ie s
[---------------- E g g s --------------- ] [---------------- L a rv a e ------------- :— J

Age
No.

1
5

2

3

4

5

6

7

8

9

5

65

10

[---------------------------- A d u lts ----------------------------]

11

12

13

14

15

16

17

18

10

10

10

10

10

10

10

10

link food encou nter rate, as defined by the
search
coefficien t b, to
p redator
daily
reproduction, assum ing no delay in converting
food to eggs. The likely delay (m easurable in
the lab oratory ) can how ever, be easily
incorporated into the age structure of the model,
by inserting the required num ber of age groups
at the start, in front of the eggs. These correspond
to em bryonic egg developm ent.
The
only
sig n ifican t
com ponent
now
m issin g from the p redator m od el is the
effect of prey availability on larval survival.
O n average 271 aphids are requ ired to
com plete larval developm ent in A. bipunctata.
It is fair to assum e then, that if this num ber
of prey
is
n ot
en cou ntered
by
each
predator during larval life then the predator dies
before reaching adulthood. This corresponds
to an average daily requirem ent (for the 6 days
of larv al life in the th eoretical exam ple
(Table 6.4)) of 45 aphids. In the m odel, if
the daily en cou n ter/ cap tu re rate (assum in g
all en cou n ters resu lt in su ccessfu l capture)
falls below 45 aphids per larva, then that cohort
of larvae is elim inated.

Figure 6 .5 a The relationship between the number o f prey
consumed per predator and the resulting number o f predator
eggs laid, as predicted by the model o f Beddington et al., 1976.

The ad vantage of this p redator m odel is
that it can easily be con stru cted from the
parasitoid version. In fact, the parasitoid m odel
b ecom es a special case of the gen eralised
predator m odel. The m odel is param eterised
as follows:
• tw o searching encounters (larval and adult)
involving random search

Figure 6.5b The relationship between the number o f hosts
parasitised and the resulting number o f a dult parasitoids
emerging, as predicted by the Nicholson-Bailey model.

• tw o
rep rod u ctio n
p aram eters
coefficient and constant)

adult stage in the parasitoid. The only difference
w ith the parasitoid m odel so far is that searching
is defined by two coefficients, one for larvae
(a) and one for adults (b ). In the m odel predator
larvae and adults were both assum ed to live for a
m axim um of 20 days.

(slope

• interval betw een food consum ption and
resulting reproduction
• prey req u irem ent
developm ent

Reproduction can easily be catered for in this
m odel by u sin g the B ed d in gton , Free and
L aw ton (1976) m odel, w h ich d efin es the
relation sh ip b etw een food con su m p tion and
reproduction as a linear one w ith a reproduction
threshold caused by the need for some food
to be diverted to m aintenance (Figure 6.5a).
W hen food con su m p tion falls b elow
a
certain value, reproduction stops. The N icholsonBailey parasiloid equivalent (Figure 6.5b) has
instead a perfect equality betw een consum ption
and rep rod uction, b ein g a sp ecial case of
the predator m odel. It is very easy now to

for

com p letion

of

• age boundary betw een larvae and adults
(when non-reproducing 'p arasitoids' start
to reproduce).
Param eter values for all of these com ponents
should be fairly easy to obtain from sim ple
laboratory and field experim ents. Som e in fact
are already know n for A. bipunctata. The m odel
itself has already been m odified to take account
of these new com ponents and using theoretical
data it is possible to show the kind of result that
emerges.
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Figure 6 .6 Simulation of spruce aphid
and

predator

numbers

using

a p h id/w eather inform ation relating to
Chapter 4, Figure 4.8 and predator
inform ation

given

in

the

text.

5 0 predators, all female introduced on
10 M ay, w ith

searching

efficiencies

a = 0.002, b=0.004.

M onth

Figure 6 .7 Simulation o f spruce aphid
and

pa ra sito id

numbers

using

a p h id/w eather inform ation relating to
Chapter 4, Figure 4.8 and parasitoid
inform ation

given

in

the

text.

50 parasitoids, all female introduced on
10 M ay, w ith

searching

efficiencies

a=0.003.

M onth

In the m odel adult predators are introduced
at specific dates during the year. This is really
for use in b iocon trol introductions, but it
does allow flexibility in trying out potential
dates for the appearance of natural field
populations of predators. With an introduction
date for predators of 10 May and using 1986
tem peratures for South Wales the picture that
em erges is show n in Figure 6.6. The aphid peak is
reduced, b u t n um bers flu ctu ate as each
generation of predators appears in the summer.
This in itself does not m ean much, but the
com parison w ith the parasitoid situation is
instructive.

predator life span (40 days) is shown in Figure
6.7. Here, the depression in the aphid peak is
sim ilar, but the residual sum m er aphid
population is lower with no fluctuations. This
shows the effect of having all adults reproducing,
as opposed to having a cohort non-reproducing
(i.e. the predator larvae). Also, the delay in
turning food into reproduction with reduced
efficiency, is enough to induce the cycles in the
predator, while absent in the parasitoid.
These tentative sim ulations do no more than
show the possibilities that the m odel provides to
tackle im portant questions about spruce aphid
predation. The next stage is to collate all the
relevant inform ation on spruce aphid predation
to determine what extra inform ation needs to be
obtained from experim ental w ork. This, in
conjunction with the new m odel opens exciting
possibilities for testing spruce-aphid-predator
interactions.

The corresponding situation for a parasitoid with
the sam e life h istory characteristics as the
predator, i.e. im m ature developm ent time the
sam e as p red ator egg developm ent tim e
(50 d ay-d egrees in the m odel), and adult
parasitoid life span the sam e as larval plus adult
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Discussion

Future research

Several con trad ictin g view s h ave b een put
forward concerning the role of natural enem ies in
the regulation of populations of E. abietinum.
H ussey (1952) and Crute and D ay (1990) were of
the op in ion that n atu ral en em ies had an
im p ortant role to play in m ain tain in g low
sum m er aphid pop ulation , but Parry (1969)
could find no real proof of this, being of the
opinion that the change w as brought about by
a d en sity -d ep en d en t change in the host
quality. Severe infestations of E. abietinum have
been reported to result in heavy defoliation
of spruce and thus a reduction in food available
to the aphid and this in turn led to increased
aphid m ortality due to starvation (Bejer-Petersen,
1962). It has also b een su ggested that
the reduction in the num ber of needles caused
by aphid defoliation increases the efficiency
of searching by natural enem ies as they were
left w ith few er need les on w hich to search
(Bejer-Petersen, 1962).

It is apparent that data are needed in a num ber
of areas to understand m ore fully the dynam ic
interactions betw een natural enem ies and the
green spruce aphid throughout its range. The
follow ing areas require detailed research:
• id en tificatio n o f p redator com p lexes in
differen t geograp h ical regions and in
different types of plantation
• id en tificatio n of sp ecific p redators and
parasitoids associated w ith E. abietinum
• consum ption rates of the specific predators
need to be determ ined
• m ore
exp erim en tal
stu dies
cages/sleeves in the field

u sing

• identification of possible plant effects on
host location by predators, e.g. Sitka v
Norway.
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population of the aphids. The effects of ladybird
predation m ay be further affected by the location
of the trees and perhaps even the species. The
con ifer sp ecialists m ay b e fin e tun ed to
Pinus sylvestris sites and find spruce sites less
attractive, either because of ground vegetation
effects, spruce sites tending to have a less diverse
herb layer, or because overw intering sites m ay be
less readily available on spruce trees due to
d ifferen ces in b ark stru ctu re. P arasitoid s
attacking the pine beauty m oth first locate their
host by selecting the tree that they expect to find
their prey on, and consequently non-native trees
are not found as often by the parasitoids as native
trees (Leather and Aegerter, 1998). This may
apply equally to predators and parasites of
E. abietinum . N on -co n ifer sp ecialists, e.g.
A. bipunctata, m ay only have an effect on aphid
pop u lation s on trees that are eith er n ot in
plantations, e.g. park trees, or only occur in
plantations that are close to agricultural land or
w ith a significant num ber of broadleaved species
present.
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Chapter 7

Selecting for resistance in genetically
defined Sitka spruce
Susanne Harding, Keith R. Day and Hazel L. Armour

Summary
Current tree breeding program m es in Sitka spruce aim at improving adaptability, quality and yield and
so far do not include resistance to the green spruce aphid. The processes involved in the resistance
m echanism s are not fully understood. Indications are given of the im portance of secondary compounds
and other hypotheses focus on the availability of sap nutrients. Also non-chem ical features related to
needle structure m ay be relevant. Differential susceptibility to attacks by the green spruce aphid has not
only been dem onstrated betw een spruce species, but also at provenance, family and clonal level.
Provenance tests in N orthern Ireland have show n significant variation in aphid peak population density
betw een provenances and, although somewhat contradictory, correlations between population density
and the original latitude of the seed origin. No influence of latitude was found in Danish trials. Withinprovenance variation is very profound, m aking selection of resistant plant material possible in most
provenances, a circum stance w hich gives excellent prospects for tree improvem ent programm es. Also at
fam ily level, significant differences in susceptibility to the green spruce aphid have been evidenced. The
fam ily heritability is high and high gains can be expected from selection. Resistance is obviously
inherited by the offspring and appears to be fairly consistent in time; resistance has been demonstrated
in offspring m ore than 30 years after selection for the trait. Examples of significant variation at clonal
level are given. It is concluded that the advantages of including aphid resistance in current breeding
program m es of Sitka spruce are obvious.

Introduction
west Europe (Chapters 1 and 4). Nevertheless,
the green spruce aphid has h ith erto been
regarded as a tolerable, or u navoidable,
com ponent of the tree production system and no
system atic account has been taken of the
potential for resistance in current breeding stock.
The aphid, however, together w ith all other
norm al environm ental variables, is im plicitly
taken into account since the gains are based on
field-trialled and unprotected trees. As the
European forest industry m oves closer to a
reliance on genetically-improved Sitka spruce,
there are opportunities to evaluate the
relationship betw een these trees and the way in
which populations of aphids develop and cause
damage.

The extent of genetic variation in Sitka spruce
m akes it a suitable candidate for tree breeding
program m es (Fletcher, 1992). The current
program m es of w ork w ith this species are aimed
at im proving the adaptability, yield, quality and
econom ic return of forest planting stock (Brandt,
1970; Lee, 1986a,b; Roulund, 1974, 1990). It is
estim ated that the potential gain from currently
available seed in the UK will be a m inim um of
15% for height at 10 years, w hich should realise a
sim ilar increase in volum e at rotation age (Lee,
1990, 1992). Further gains are expected once
superior full-sib fam ilies have been identified
u sing tested sp ecific cross-pollin ations and
cutting propagated clones (Lee, 1986c, 1992;
Costa e Silva et al., 1994; Jensen et al., 1996;
N ielsen and Roulund, 1996).

H ost tree species of the green spruce aphid are
restricted to the genus Picea (Hanson, 1952).
Feeding m ay seldom occur on other conifer
species, but is of no im portance (Furniss and
Carolin, 1977; Blackm an and Eastop, 1994). Som e
spruce species becom e severely discoloured upon
aphid infestation and readily shed their needles

The green spruce aphid is an econom ically
im portant pest of the European Sitka spruce
stands and serious attacks occur regularly in
areas w ith a m ild w inter clim ate, w here
developm ent is anholocyclic and winter survival
m ay be high, i.e. in the atlantic regions of north
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whereas other species suffer only slightly from
attacks or are not infested at all. The green spruce
aphid is not only harm ful to Sitka spruce; it has a
pest status in the production of N orw ay spruce
for Christm as trees in Britain and in some Central
European countries, and in the grow ing of spruce
species cultivated for ornam ental purposes, in
particular blue spruce, P. pungens. Furtherm ore,
shelterbelts of w hite spruce, w hich has been a
significant elem ent of the landscape in some
regions, have been fatally dam aged and white
spruce seed orchards in British Colum bia are
frequ en tly d efoliated (R ene A lfaro, personal
com m unication).

aphid/spruce interactions is given by Jackson
and D ixon (1996). It has been know n for some
tim e that aphids avoid new foliage, preferring to
feed on the foliage from previous years' grow th
u ntil foliar m atu ratio n (Parry, 1976). O nly
recently has this preference been attributed to
volatile substances in the epicuticular w ax of new
needles (Jackson and Dixon, 1996). The aphid
clearly uses the epicuticular wax to distinguish
betw een needles of different ages. Epicuticular
w axes trap and con cen trate p lan t v olatile
com pounds such as m onoterpenes w hich are
know n to occur in high concentrations in young
needles (H ruitford et al., 1974). The volatiles seem
to act at a distance and reduce the survival of
aphids, and aphids confined to new foliage were
observed n ot to feed and w ere very active
(Jackson and D ixon, 1996). H ow ever, on P.
pungens spruce aphid populations m ay feed and
propagate on the new foliage as early as about 6
w eeks after budburst (Harding, unpublished)

U ltim ately it w ould be both u sefu l and
ecologically interesting to understand the nature
of the resistance m echanism in term s of the
processes involved . A startin g p oin t is the
know ledge that not all species of spruce are
equally susceptible to attack by the green spruce
aphid. Species differences were observed already
by Cunliffe (1921), D um bleton (1932), Fox-W ilson
(1948) and H an son (1952) b u t system atic
in v estig ation s by
N ich ols
(1987) clearly
d em on strated that the aphid attain s h igh er
densities and has a better perform ance on North
A m erican species like Sitka spruce, w hite spruce
and blue spruce than on m ost European and
A sian species. In field observations she found all
N orth A m erican species but one to support high
aphid population levels, com parable densities
bein g obtained only on the W est C hinese
P. asperata. Interestingly, this species is considered
to be only distan tly related to Sitka spruce
(Roulund, 1969). These findings were confirm ed
in laboratory exp erim en ts w here the green
spruce aphid had the high est m ean relative
grow th rate (M RGR) and a higher final w eight
w hen feeding on the N orth A m erican spruces
and on P. asperata. O f the E urasian species,
N orw ay spruce resulted in M RG Rs com parable
w ith those recorded on Sitka spruce.

Also, it is know n that the nutrients in spruce
needle sap have a dram atic effect on aphid
populations during a grow th season (Chapter 4).
If the availability of prim ary nutrients varies
betw een spruce origins, then this too could result
in apparently different aphid attack rates, and
would probably be observed by differences in
aphid population grow th rates at periods when
n u trien t levels w ere h igh est (spring and
autum n). A nother m echanism could be through
differential w inter survival on trees w ith different
needle supercooling ability (Powell and Parry,
1976). This idea has not since been tested w ith a
range of Sitka spruce origins, although at the
tim e Pow ell and Parry (1976) could not relate
relative
su scep tib ility
or
resistan ce
to
provenance.
N on-chem ical features m ay also be relevant
w hen discussing possible resistance m echanism s.
Parry (1971), com paring the probing behaviour of
green spruce aphid on Sitka spruce and N orw ay
spruce, provided evidence that differences in
dam age sym ptom s betw een these two m ain host
species are related to features connected w ith the
deposition of saliva and the branch in g and
divergence of the saliv ary sheath. Such
differen ces
m ay
arise
from
an atom ical
dissim ilarities probably of the parenchym atous
tissue affecting stylet penetration.

No unequivocal explanation to this intra-generic
variation in susceptibility to the green spruce
aphid h as b een given. D u m bleton (1932)
suggested the species differences were due to
differences in cell-sap com position and results by
N ichols (1984) indicate that the foliage of lessfavoured spruces, typically Eurasian and Asian
sp ecies, con tain s a n u m b er o f second ary
com pounds (phenolics and terpenoids) w hich are
lackin g in the su scep tible N orth A m erican
species. Plant phenology, how ever, appeared
not to be related to d ifferen ces in aphid
perform ance. A n oth er in d icatio n
of the
im p ortance
of
second ary
ch em istry
in

D ifferences in host plant susceptibility do not
only exist betw een spruce species but also on
a su bsp ecies level. In n o rth -w est E uropean
forests, the preferred host of the green spruce
aphid is Sitka spruce w hich is in general highly
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susceptible to aphid attacks. Within this species
conspicuous differences in the resistance to the
green spruce aphid have how ever frequently
been
observed .
D ifferences
have
been
dem onstrated both regarding natural infestation
levels (Day, 1984) and regarding the response of
the trees to aphid attack (Carter and Nichols,
1988). This v ariation is not surprising since
exam ples of w ithin-species variation in resistance
to herbivorous pests are num erous (e.g. Hanover,
1975), and sim ilar variation in the susceptibility
of conifers to aphid attacks is to be expected.
Bejer-Petersen et al. (1974) found that clones of
Abies alba show ed differences in susceptibility to
attacks by the adelgid Dreyfusia nordmannianae
and clonal differences in resistance in larch
against A delges laricis were show n by Blada
(1982); several additional exam ples can be given.

Variation in susceptibility
provenance level

at

The probability of a considerable subspecies
variation in herbivore resistance is particularly
high in h ost trees w ith a great ecological
variation. Sitka spruce is native to the Pacific fog
belt along the w est coast of N orth America, the
natural range extending from Kodiak Island,
Alaska to M endocino County, California, thus
spanning 22° of latitude and a distance of 1800
m iles (approx. 3000 km); the longitudinal range is
how ever quite narrow, extending only 30-130
m iles (50-200 km ) inland (Cannell, 1984). The
genetic constitution varies considerably within
its
geog rap h ical
range
(Burley,
1966;
Daubenm ire, 1968; Cannell, 1984).

Figure 7.1 M ap o f IUFRO seed origins (provenances) and
natural range of Picea sitchensis.

The expected ecotypic variation of such a species
is m anifest in the grow th characteristics of its
provenances, and it is clearly expressed w hen the
species is introduced to the environm ent of
European forests. M any studies of its growth in
Europe have been carried out, showing a general
cline for in creasin g vigour w ith decreasing
latitude of seed origin (Lines, 1987). M ost of the
seed origins studied form part of the IUFRO
(In tern atio n al U nion of Forest Research
O rganizations) collections (Fletcher, 1976) from
w hich parallel field trials have been established
in several European countries and w ithin a range
of different soil and grow th conditions with the
prim ary aim of testing adaptability, quality and
yield. C ollection w as undertaken from the entire
natural range of Sitka spruce from Alaska to
California. Seed was collected in stands from
w hich com m ercial harvest could subsequently be
undertaken, in stands w here only limited harvest
w ould be possible and in stands of scientific

interest only. Some of the seed origins of the
IUFRO trials appear in Figure 7.1.
Much of the expressed ecotypic variation in the
growth of Sitka spruce in European conditions is
related to responses to photoperiod and
temperature in new environm ents and latitudes.
The m ajor phenological difference is in the date
of budset betw een provenances, the date of
budburst remaining surprisingly sim ilar (Lines
and Mitchell, 1966). Growth cessation is strongly
correlated w ith the original latitu de of the
provenance and is under strong influence of
daylength (Cannell and Sheppard, 1982). At the
same site northern provenances have a shorter
growth period ceasing their grow th and setting
buds earlier in the sum m er than the m ore
southerly provenances which continue growth
until later in the season (Kleinschm idt and Sauer,
1976; Kraus and Lines, 1976; M agnesen, 1976;
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Provenances of P. sitchensis also differ in their
responses to aphid attack. In Wales observations
in a IU FRO trial show ed that southerly
provenances recover leader and stem increm ental
grow th quicker after defoliation by aphids than
north erly provenances w hich show grow th
depression for at least two grow ing seasons
(Carter and Nichols, 1988). The general pattern is
that the m ost northern provenances (typically
Alaskan) have longer dorm ant periods, grow
slow er in all respects and have fewer reserves to
aid recovery.

Nanson, 1976; O 'D riscoll, 1976). The northern
provenances stop grow ing m ore than 2 m onths
earlier than the southern ones. As regards budset
a tim e span of 40-60 days has been recorded
(Nielsen, 1994); this feature is to som e extent
influ en ced
by tem perature. O nly m inor
differences occur in the date of budburst, and no
unequivocal tendencies of system atical variation
related to latitude appear (K leinschm idt and
Sauer, 1976; Kraus and Lines, 1976; Nanson, 1976;
C annell and Sheppard, 1982). H ow ever, in
N orw ay
M agnesen
(1976)
found
that
provenances have later budburst w ith decreasing
latitude, whereas the reverse w as dem onstrated
in Ireland (O 'D riscoll, 1976).

Seasonal patterns of aphid abundance on the
foliage of Sitka spruce are fairly predictable
(Chapter 4). In the British Isles as well as in
D enm ark a peak in p op ulation den sity is
invariably reached at the end of M ay or the
beginning of June. Sam ples taken throughout a
forest plot on several occasions during this
period showed that a reliable estim ate of the peak
aphid density can be obtained from a single
sam ple at the end of M ay (Day and Crute, 1990).
Since the peak aphid density is the m ost useful
indicator of subsequent defoliation rate (Chapter
2), any differences in this value observed
betw een provenances is likely to be an equally
useful index of resistance/susceptibility. This
reasoning form ed the basis for a study of aphid
populations on six provenances of Sitka spruce in
a replicated IUFRO forest provenance trial in
1983 (Day, 1984). The provenances w hich have
been studied in Northern Ireland are recorded in
Table 7.1.

Feeding and proliferation of the green spruce
aphid take place during the dorm ant period of
the host tree. Therefore, the variation in the
length of the dorm ant period is likely to play a
m ajor role in the d eterm in atio n o f host
susceptibility. From this it can be argued that
trees with a longer grow ing season have a shorter
susceptible period (Carter and N ichols, 1988).
H ence, northern provenances w ould be likely to
host higher population levels of aphids. The
im plications for populations of aphids living on
trees of northern origin in the late sum m er and
early autum n are unclear since it is not know n
w hether soluble nitrogen in the phloem sap of
needles w ill be m ore or less available if a tree
ceases shoot extension and sets bud early. There
m ay be oth er con sequ en ces for aphids of
differences in provenance grow th in European
conditions. The ability to devote photosynthates
to the p rod u ction of second ary defen sive
chem icals in needle tissue are likely to depend on
the grow th of the different seed origins.

The m ain differences in aphid peak population
density appear from Figure 7.2. A lthough a
substantial proportion of the variation in aphid

Table 7.1 Sitka spruce provenances on which aphid populations have been evaluated in
Northern Ireland (Day, 1984; Arm our, 1996). A (Alaska), BC (British Columbia), W
(Washington), O (Oregon), C (California)
P ro v en a n ce
C ode

IU F R O
N um ber

O r ig in L o c a lity

L a titu d e

L o n g itu d e

A 24

3024

D u c k C re e k

58°22'

1 3 4 °3 5 '

A 27

3027

C ra ig

55°30'

1 3 3 °0 8 '

B C 44

3044

In v e rn e s s

5 4 °1 2 '

130°15'

BC 52

3052

T asu C re e k

5 2 °5 2 '

1 3 2 °0 5 '

BC 56

3056

H o lb e r g

5 0 °3 7 '

1 2 8 °0 7 '

BC 62

3062

B ig Q u a lic u m R.

4 9 °2 3 '

1 2 4 °3 7 '

W 03

3003

F o rk s

124 °1 8 '

W 04

3004

K a la lo c h

4 8 °0 4 '
47= 42'

0 1 2

3012

N e c a n ic u m

4 5 °4 9 '

1 2 3 °4 6 '

018

3018

B r o o k in g s

4 2 °1 5 '

1 2 4 °2 3 '

C19

3019

B ig L a g o o n

4 1 °0 8 '

1 2 4 °0 9 '

STD

1 2 4 °2 5 '

S ta n d a rd Irish S e e d B a tc h fro m K ils h e e la n fo re st, T ip p erary , E ire (in clu d e d
in g e o g ra p h ic a l r e la tio n s h ip s a s Q u e e n C h a rlo tte Is la n d s la titu d e )
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num bers could be attributed to the location
(block) w ithin the experim ent, m ore than 50% of
the variation resulted from differences between
provenances. This was a prom ising result for the
potential of tree breeding for resistance, since the
provenance w hich appeared to be the m ost
resistan t to aphid s hosted only 12% of the
p op u lation found on the least resistant
provenance. Translated into the life of a forest,
this could m ean the su ppression of aphid
populations below a threshold level w here any
econom ic dam age could be perceived (Chapters
2 and 3).

higher M RG R on northern provenances than on
southern ones and greater w eight indicating
higher fecundity (see below). These two sets of
data, describing aphid peak population density
on provenances from a large part of the original
range of Sitka spruce are considered together in
Figure 7.2. However, most of the data (the middle
latitudinal range) are consistent betw een the two
studies. The only m ajor disparity is focused on
the m ost northerly provenance (Alaska 24) for
w hich the aphid population in the recent survey
was the highest overall.
Defoliation rate is a product of the aphid density
on the foliage and the response of the host tree to
the feeding activity of a specific num ber of
aphids. A lthou gh peak aphid density is
considered a usefu l index of su bsequent
d efoliation (Day, 1984) and H ussey (1952)
show ed a linear correlation betw een aphid
num bers and defoliation, differences in host
response in terms of needle damage and needle
retention m ay account for at least part of the
variation in su sceptibility betw een spruce
origins. Species specific reactions have been
described (Parry, 1971). In order to obtain an
u nd erstand ing of the b iological processes
involved in resistance both aphid perform ance
and host tree response need to be studied. From a
silviculturally practical point of view the product
of both com ponents, i.e. the degree of defoliation,
is still the m ajor issue. On this background,
variation in the susceptibility of Sitka spruce

A second result of this experim ent w as a clear,
and in verse relation sh ip betw een aphid
population and the original latitude of the seed
origin, i.e. the southern provenances supporting
the highest aphid num bers (Day, 1984). The trees
at this stage were eight years old and still in the
thicket stage of canopy developm ent. A second
study was carried out on the same site in 1994;
two principal differences were that the trees were
at 19 years old and had closed canopies for
several years, and a greater range of provenances
w ere evalu ated (A rm our, 1996). D ifferences
betw een proven an ces w ere equ ally m arked
although there appeared to be a disparity with
som e of the earlier results (Day, 1984) in that the
later studies (Armour, 1996) indicated a direct
relationship betw een population density and
latitude, the northern provenances being now the
m ost infested. Laboratory experim ents revealed a

Figure 7 .2

C om parative
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The data

represent means and standard errors from
replicated plots in the same forest experiment,
Springwell Forest, Northern Ireland (■ Day,
1984; • Armour, 1996).
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Figure 7 .3 Defoliation due to aphid attack on
provenances o f Picea sitchensis originating at
latitudes covering the entire natural range o f the
host tree. IUFRO provenance trial in Husby
Plantation, Denmark.
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Figure 7 .4 Defoliation due to aphid attack on
nine provenances o f Picea sitchensis which have
been studied in N orthern Ireland (Day, 1984;
Arm our, 1996) in terms o f peak population
levels. The data represent means and standard
errors from plots in a IUFRO provenance trial,
Husby Plantation, Denmark. (c.f.Figure 7.2)
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provenances w as recorded in a provenance trial
in D enm ark including all seed origins collected in
the IU FR O p ro ven an ce series (61 N orth
A m erican pro ven an ces plus 3 d om esticated
provenances), using percentage needle loss of the
previous year's foliage as an index o f resistance
(data arc sine transform ed in analysis).
A lso in this forest trial a considerable variation
betw een provenances w as observed (Figure 7.3).
M ean level o f defoliation o f the provenances
varied betw een 23.18 and 96.85% needle loss, the

average needle loss of all provenances being
71.67% . C ontrary to the partly d in al trends found
by D ay (1984) and A rm ou r (1996), this
investigation show ed no correlation betw een
susceptibility and latitude of the seed origin
(Figure 7.3). O nly a very w eak and statistically
not significant trend could b e observed, if any at
all, o f slig h tly in creasin g d efo liatio n w ith
increasing latitude (H arding, unpublished). In
Fig u re 7.4 the p ercen t n eed le loss o f the
p ro ven an ces stu died in the N orth ern Irish
investigations by D ay (1984) and A rm our (1996)

(Figure 7.2) are show n for com parison. No
support is given to the hypothesis of an influence
of latitude on resistance.

Sitka spruce provenances in Jorvik in eastern
Iceland was attacked for the first time by the
green spruce aphid in the autumn 1991. The
provenances all originate from the western coast
of Alaska (Table 7.2) and the trees had been
planted as 4-year-old saplings in 1973.

As indicated by the standard errors shown in
Figure 7.4, one im portant finding in the Danish
studies is a substantial variation in resistance
betw een
in d iv id u als
w ithin
the
sam e
provenance. A lm ost all provenances included
individual trees w ith 100% defoliation of the oneyear-old needles as well as totally undefoliated
trees. From this it is evid en t that tree
ch aracteristics related to provenance alone
cannot be the only factor d eterm ining host
susceptibility, a fin d in g w hich gives good
prospects for resistance breeding (see below).

Damage due to the green spruce aphid was
estimated in the spring of 1992 using percentage
needle loss plus percentage damaged needles as
an index of damage. From the assessm ent it was
obvious that dam age was positively correlated
w ith the height of trees. As regards the
relationship between susceptibility and latitude,
the Icelandic results
indicate
that
the
northernmost Alaskan provenances are the most
suitable hosts for the green spruce aphid.
Damage was weakest on the provenance from
A fognak Lake. D am age on the rem aining
provenances was of a sim ilar level, but the
southernm ost provenance, M iller Point, was
second lowest in damage rank (Figure 7.5). No
significant trend in the relationship between
damage and original latitudinal origin of seed
could how ever be
found
(H allddrsson,
unpublished). Therefore, the populations of
aphids or their effects on trees can be shown to
vary substantially with provenance, and even
systematically with origin latitude, but neither
effect is necessarily temporally or spatially stable.
Provenance differences at the sam e site may
reverse, although this may be a result of changes
in crop developm ent as canopy closed from
8 to 19 years after planting. In addition,
assessments in different countries do not alw ays
reveal the same result for a sim ilar provenance
range.

There w as an interesting trend in the results of
Day (1984) and A rm our (1996) in which aphid
population density w as highest on provenances
w hich are slow er grow ing (Lines, 1987). In
particular, the British Colum bian provenances
which are w ell-adapted to the m aritim e British
clim ate and w hich perhaps retain genes from
preglacial populations in glacial refuges (Warner
et al., 1982; Lines, 1987) were am ong the least
populated by the green spruce aphid (Figure 7.2).
This h ig h er degree of ad aptation results in
decreased stress in flicted on the host tree
(Arm our, 1996). The sam e trend w as not
observed in Denm ark, w here W ashington, British
C olum bia
and
Q ueen
C harlotte Islands
provenances did not deviate from less adapted
seed sources. W ith the exception of one, which
has been particularly selected for putative aphid
resistance (see below ), the dom esticated
provenances w ere not less attacked by the green
spruce aphid.

W hat dictates the differences observed in peak
population density of aphids am ong the range of
Sitka spruce provenances studied ? The estim ates
of peak population (Arm our, 1996) w ere
accompanied by population sam ples at regular
intervals throughout most o f the year on the
sam e provenance range. T he m ost strik in g
differences in population grow th rate w ere
observed in the late spring and early summer,
prior to budburst. To index the growth rate, lines
were draw n through linear increases in
population density over tim e up until the
population on each provenance reached a
maximum. The slope o f each line provided the
index (Figure 7.6) and w as considered to be an
adequate descriptor in field con ditions w ith
variable tem perature, even though, in m any
years, population growth in this phase appears to
be exponential (Chapter 4). Peak population
density for each provenance w as strongly related

In the D anish investigation, dam age from aphid
infestation appeared to be related to tree height.
Visually, the trial gave the im pression that
the m ost vigorously grow ing trees were the
most heavily dam aged. This w as not expected
from the results by Day (1984) and Arm our (1996)
that low er d en sities w ere attained by the
b est-ad ap ted origin s. H ow ever, statistical
analysis clearly dem onstrated a strongly positive
correlation b etw een the height of the tree
and proportion of needles lost (Linear regression,
F = 21.25, df = 509.2, P < 0.0001) (Harding,
u np ublished ), in d icatin g that grow th-related
features play a m ajor role in the development
of dam age.
A profound effect of height on defoliation level
was also evidenced by observations in Iceland
(H alldorsson, unpublished). A plot with seven
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Figure 7 .5 Damage by the green spruce aphid on seven provenances o f Picea sitchensis, Jorvik, Iceland.
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to the grow th index (Figure 7.6) and em phasised
the im portance of the response of aphids to trees
during May.

30

M ean relative grow th rate of aphids (M RGR),
m easured on p lant m aterial in laboratory
conditions, is a good indicator of their population
rate of in crease (rc) (D ixon, 1985) and can
m easure differences in perform ance at various
tim es during the grow ing season. This approach
w as adopted for the provenance experim ent
because population density in the field w as often
too low for census to be carried out, yet dynam ic
change even at low density is equally significant
to the peak population in future (Chapter 4). It
was necessary to m easure M RG R on excised
shoots b ecau se w h ole trees of su itab le
d im en sion s w ere not av ailab le for grow th
cham ber w ork (Armour, 1996), but as a result it is
possible that all replicates perform ed below field
poten tial since m ost M R G R 's w ere b elow
m axim um expectations (M RG R >0.3 for rc = 0.25,
D ixon, 1985) (Figure 7.7). N evertheless, two
periods (April and N ovem ber, w hen sap nutrient
levels are highest) provided the m ost significant
d ifferen ces
in
aphid
M RGR
b etw een
provenances.
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Figure 7 .6 The relationship between peak aphid population
reached on each provenance and the index o f population growth
(see text) derived from Reid populations in M a y (Armour, 1996).

Table 7 .2 . Sitka spruce provenances on which aphid attack has
been assessed as percentage needle loss, Jorvik, Iceland
O r ig in o f p r o v e n a n c e

L a titu d e

L o n g itu d e

S h e e p C re e k , L o w e R iv er, V a ld ez

6 1 °0 7'

1 4 5 °4 8 '

R o b e L a k e , V a ld ez

6 1 °0 5'

146°05’

B ird C re e k , T u m a ig in

6 0 °5 8'

1 4 9 °2 6 ’

F ritz C re e k , C h in itn a B a y

5 9 “4 8 '

1 5 3 ° li'

H o m e r H ills, K e n a i P e n in s u la

5 9 °40 '

1 5 1 °30'

A fo g n a k L a k e , A fo g n a k Isla n d

58°05'

1 5 2 °5 9 '

M ille r P o in t, K o d ia k Isla n d

57°50'

1 5 2 °2 2 '

Fertility rates of aphids individually reared on
excised shoots from a range of provenances in the
field experim ent, confirm ed these differences in
pop u lation grow th rate and p erform ance.
Fertility w as assessed in July, O ctober and M arch
and in only the latter m onth w ere significant
differences associated w ith provenances (Figure
7.8). The A laskan p ro ven an ce (A 24) hosted
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Figure 7 .7 M ean relative growth rates (MRGR) of aphids on replicated, excised shoots of three provenances (A24, BC52 and W 0 4 ) in
growth chambers at 14°C. There were significant differences in MRGR (P<0.05) between provenances in A p ril and November (Armour
1996).

aphids w ith significantly higher birth weights
and a higher m ean lifetim e fertility in March
(Armour, 1996).

The major differences in population dynamics of
aphids on trees of different provenance are m ost
clearly detected during periods in the tree growth
season when the perform ance and population
growth rate are strongest. The most significant
periods are M ay and possibly N ovem ber,
although the ability of aphids to take advantage
at this tim e of year depends on am bient
temperature. Mild winters magnify differences in
aphid potential on different provenances. The
functional relationships betw een aphids and
provenances could be reliant on eith er sap
nutrients or secondary chemistry, at present
neither can be ruled out. The first hypothesis is
that the reponse of aphids to trees from the most
susceptible provenances is a product of a greater
availability of sap nutrients at critical times.
Greater nutrient availability would be expected
in faster growing trees, generally from the more
southerly provenances (although the latitudinal
din e is by no m eans linear in this respect, see
Lines, 1987). This is not supported by the data
from Northern Ireland which suggest that faster
grow ing provenances are m ore resistant.

Finally, account w as taken of the progress of
aphid populations on three selected provenances
over winter. The w inter of 1994/5 was relatively
mild, even for N orthern Ireland (Day and Crute,
1990), tem perature never reached -5°C and there
w ere no su d d en tem peratu re changes and
lim ited ch ill period s. C onsequently aphid
p op ulation s w ere n ot expected to decline
dram atically through high mortality, and it was
not expected that differences in survival on the
different pro ven an ces w ould be due to
differences in needle supercooling point (Powell
and Parry, 1976). N atu ral pop ulations were
m onitored from 13 D ecem ber 1994 and
throughout the w inter on m arked shoots, and
changes docum ented as a percentage of the initial
p op u lation d en sity (Figure 7.9). Population
show ed a m arginal increase on the Alaskan
provenance (A24) w hereas the other populations
(0 1 2 and W 04) declined progressively.
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A second hypothesis suggests that secondary
defensive chem icals, perhaps in the form of
volatile epicuticular com pounds (sensu Jackson
and Dixon, 1996), form a greater investm ent in
faster grow ing trees and it is this difference
betw een provenances w hich represents the basis
of resistance. Finally, structural characteristics
such as needle anatom y could turn out to be
im portant barriers to aphid access to the plant,
b u t so far this h as n ot been a su bject of
investigation.

Alaska 3024

T
>.

British Columbia 3052

T3

Variation in
family level
2

Days since adult moult

Fertility patterns o f replicated

at

W ithin forest stands of Sitka spruce individual
variation in the relative abundance of aphids and
in defoliation due to the green spruce aphid is
regu larly observed, strongly in d icativ e of a
differential susceptibility at a sub-provenance
level. Likew ise, su bstan tial in tra-p rov en an ce
variation in aphid density w as dem onstrated in
the IU FRO provenance studies by D ay (1984).
Sim ilar obvious differences in the degree of
defoliation w ithin provenances were recorded in
the IU FRO trial exam ined in D enm ark (Flarding,
unpublished). Here, variation from 0 to 100% loss
of the previous year's needles could be found
w ith in the sam e p roven an ce even betw een
neigh bou rin g trees of the sam e h eigh t w ith
intertw ining branches, ensuring that no physical
barriers lim ited the dispersal of aphids.

Washington 3004

Figure 7 .8

susceptibility

individual adult

apterous aphids on each o f three provenances (A 24, BC52 and
W 0 4 ) (Armour, 1996).

It is unquestionable that characteristics unrelated
to p roven an ce are also con trib u tory to the
d eterm in atio n of su sceptibility. U n til now,
investigations of host tree resistance to the green
spruce aphid h ave d ealt exclu siv ely w ith
differences
b etw een
tree
sp ecies
and
provenances, trying to explain the variation by
phenology-m ediated differences in nutritional
sap constituents or by secondary substances, but
recen t research has show n that sign ifican t
variation in the resistance of Sitka spruce to the
green spruce aphid exists also at a fam ily level
(Jensen et al., 1997).
Variation betw een fam ilies of Sitka spruce w as
investigated in a progeny trial in D enm ark with
14 open pollinated progenies from a clonal seed
orchard established from scions harvested from
putatively resistant trees (Jensen et al., 1997).
Follow ing a heavy attack by the green spruce
aphid in 1957 (Bejer-Petersen, 1957) a 51-year-old
stand of W ashington origin w as fatally dam aged
leaving only 50 surviving trees. A clonal seed
orchard w as established from the m ost vital trees
and although never tested, plants originating

Figure 7 .9 The relative survival and growth o f replicated natural
colonies o f aphids on trees o f three provenances throughout
w inter 1 9 9 4 /5 (Armour, 1996).
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from the seed orchard (Vosnaes) have been
designated 'aphid resistant' (Anon., 1991). Three
progeny trials were established in 1972 in which
the progenies are being tested along w ith a
reference provenance (Frijsenborg, Washington
origin) plus a com m ercial seedlot from the seed
orchard (Jensen et al., 1996).

be a general and consistent character which has
been observed in several provenance trials.
Vosnaes w as the second least defoliated
provenance in the Danish IUFRO trial (Harding,
unpublished), exhibiting a degree of defoliation
less than 45% of the most severely damaged
provenance. In N orway a com parison of Sitka
spruce seed origins showed a significantly higher
level of resistance to the green spruce aphid in
the Vosnaes m aterial (Saeby and Taksdal, 1994).

In 1989 a m ajor outbreak of the green spruce
aphid occurred in Denm ark (Bejer and Harding,
1990) and one of the progeny trials located in a
typical 'aphid area' close to the N orth Sea was
seriou sly attacked . T his attack offered an
excellent opportunity to m ake the first systematic
investigation of variation in resistance at family
level. In addition, analyses of the correlation
betw een grow th param eters and aphid resistance
could be m ad e as m easu rem ents of height,
d iam eter and pilod yn e (estim ate of w ood
density) had been carried out in 1986 (Jensen et
al., 1996). It w as n ot possible to m ake
com parative studies of aphid population density
and subsequent defoliation and susceptibility
was therefore evaluated in terms of damage of
the individual trees. In February 1990 percentage
needle loss of the previous y ear's foliage was
assessed w ith the aim of studying the consistancy
of resistance. The assessm ent was repeated in
February 1992 follow ing a m inor attack in early
sum m er 1991.

No significant differences betw een fam ilies could
be shown following the m inor attack in 1991,
indicating that the degree of attack plays an
im portant role in pinpointing differences in
resistance. D espite the m oderate level of
defoliation all selected families were found to be
significantly less affected by needle loss than the
reference provenance, clearly dem onstrating the
prospects for selection for aphid resistance.
The family heritability was calculated as 0.72.
The standard deviation for needle loss was very
high - a circumstance which along w ith the high
fam ily heritability leads to an expectation of high
gains from selection for this trait. A ssum ing
perfect normality and a selection of three families
with least needle loss out of the 14 fam ilies tested,
giving a selection intensity of 1.271 (Becker, 1974),
an actual response of 54% and a relative response
of 37% im provem ent on aphid resistance based
on needle loss could be estim ated (Jensen et al.,
1997). Such high responses are seldom observed,
and give very prom ising prospects for
including aphid resistance as an im portant
param eter in
breeding
program m es.
In
comparison, the relative response to a sim ilar
selection based on height - a trait norm ally
included in tree im provem ent program m es - was
16% improvement.

A lthough relatively large environm ental effects
in relation to fam ily effects occurred, statistically
significant differences betw een families in 1990
were dem onstrated (F = 3.62, P < 0.001). The
m ean percentage of needle loss varied between
3.9% for the best fam ily to 22.3% in the most
heavily defoliated fam ily (Table 7.3). The family
that appeared to be m ost resistant suffered a
needle loss w hich was only about 10% of that of
the standard provenance.
The
second
im p ortant find ing
of this
investigation was that resistance is inherited by
the offspring and can be dem onstrated many
years after selection for the trait. The seed
orchard
w as
establish ed
by
vegetative
propagation from undefoliated trees about 30
years before the assessm ent of the needle loss of
the offspring, yet all fam ilies were significantly
(P< 0.0001) less defoliated than the domesticated
reference provenance, w hich had an average
level of defoliation of 37.4 %.

Possible correlations betw een aphid resistance
and growth param eters are of m ajor im portance
in relation to the advantages of including aphid
resistance in
future
tree
im provem ent
program mes. Phenotypic correlations betw een
needle loss, height, diam eter and wood density
w ere calculated in the progeny trial and
apparently no sign ifican t correlations exist
between these characters. However, a negative
correlation betw een wood density and needle
loss m ay be present in this investigation (Jensen
et al., 1997).

This significant superiority of the Danish seed
orchard in Vosnaes to other Sitka spruce
p roven an ces, even of W ashington origin,
regarding the level of aphid resistance appears to

The results of the genetic variation appearing
in the in vestigations of resistance at fam ily
level offer no additional specific inform ation
about the biological m echanism s and processes
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evaluated by visual assessm ent of needle loss,
using a percentage scale for the w hole tree. Seven
of these nine trials were how ever too weakly
defoliated for further analysis, but the rem aining
tw o trials w ere severely defoliated. In these
two clonal trials - one located in the island
R oem oe,
the
oth er
in
eastern
Ju tlan d
(Frijsenborg) - 151 clones of dom esticated Sitka
spruce (Roenhede F.405, presum ably of Q ueen
Charlotte Islands origin) were tested.

Table 7 .3 Average needle loss in 1990 and in 1992 due to
attacks by the green spruce aphid in a progeny trial consisting of
14 families from a clonal seed orchard o f selected putative aphid
resistant trees, a commercial seed lot o f the seed orchard and a
reference provenance (Data from Jensen el al., 1997)
F a m ily

N e e d le lo s s

N e e d le lo s s

1990, %

1992, %

8052

1 8 .0

13.3

8053

1 7 .2

1 2 .0

8054

2 0 .3

9.8

8055

2 2 .3

9.4

8056

1 1 .6

1 1 .8

8057

17.8

12.3

8058

1 8 .2

7.8

8059

3.9

5 .7

8060

1 7 .4

1 4 .0

8061

9.8

10.7

8062

15.3

1 2 .1

8064

1 6 .4

10.3

80 6 5

7.2

5.2

8066

9 .4

4.3

M e a n o f fa m ilie s

14 .6

1 0 .1

C o m m e rc ia l s e e d lo t

14 .0

9.8

R e fe re n c e p ro v e n a n c e

3 7 .4

The evaluation of needle loss show ed significant
d ifferen ces b etw een clones in both trials
(P < 0.001). The attack w as heavier at Roem oe,
w here m ean p ercentage n eed le loss varied
betw een 0 and 42.5, at Frijsenborg the m ean level
of defoliation for the clones varied betw een 0 and
34.9% . A second ob serv atio n series w as
undertaken in 1992 follow ing a m oderate aphid
attack, and again both trials show ed statistically
sign ifican t
d ifferen ces
b etw een
clones
(P < 0.0001). The ran kin g of clones w as
su rp risin gly id en tical in the tw o records,
indicating a high degree of consistancy in the
exp ression of resistan ce. C on sistan cy of
resistance in tim e and space is again an issue of
great practical im portance w hich aw aits further
research.

2 1 .1

determ ining host tree susceptibility to the green
spruce aphid. An increased understanding w hich
m ay aid in the future search for the underlying
processes is how ever given by the im portant
know ledge that resistance is inherited and the
indication that the trait appears to be relatively
consistent in tim e and space.

Variation in
clonal level

susceptibility

Selection for resistance and the
prospects for practical use
The great variation in susceptibility to the green
spruce aphid exhibited by different provenances,
fam ilies and clones of Sitka spruce w hich has
been dem onstrated in forest stands and field
trials provides prom ising prospects for including
aphid resistance as an im portant trait in future
tree im provem ent program m es of Sitka spruce.

at

In their investigations of fam ily resistance to the
green spruce aphid Jensen et al., (1997) found a
substantial variation w ithin fam ilies. In several
fam ilies som e in d iv id u als w ere ab solu tely
u naffected by aphid attack w h ereas others
show ed a high p ercentage of n eedle loss,
suggesting that differential susceptibility is likely
to be found also at a clonal level. This is also
indicated by A rm our (1996) in field observations
of natural abundance of the green spruce aphid.

O ptim ization of tim ber production is the ultim ate
aim of the program m es, hence selection of the
best adapted seed origins as regards survival,
vigour and yield is invariably given the highest
priority. Yet, grow th losses due to aphid attacks
m ay be substantial (Chapter 2) and use of plant
m aterial w ith a high degree of resistance would
undoubtedly im prove productivity.

Resistance at clonal level has so far not been
thorou gh ly stu died . H ow ever, p relim inary
observations have been m ade in connection with
the attack by the green spruce aphid in D enm ark
1989 (H ard ing and R ou lu n d , u np u blished ).
N ineteen clonal trials all established in 1986 were
inspected for aphid attacks, of w hich nine were
recorded for differences in susceptibility to the
green spruce aphid. A phid d am age w as

The choice of seed origins of Sitka spruce for
n orth -w est E uropean
forestry
is closely
connected to the clim atic conditions w ithin the
specific region, especially to the risk of frost
during late spring and early autum n. Frost thus
sets the m ost influential lim itations on the range
of provenances that can be used. The latitude of
the original seed - and through this the likeliness
of frost dam age - m ay influence the susceptibility
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of the provenances to aphids (Day, 1984; Armour,
1996; H alldorsson, unpublished), although clinal
trends are not certain and no influence has been
found in oth er trials. The best clim atically
adapted provenances m ay how ever not be the
m ost suitable w ith respect to aphid damage. In
Iceland, the A laskan provenances are the only
option since the threat of frost strongly influences
tree survival. These northern provenances appear
to be less resistant to aphids than southern
provenances which cannot grow in the Icelandic
clim ate. Conversely, the 'aphid resistant' Danish
provenance Vosnaes is unsuitable in localities
prone to spring frost and is for this reason not
w idely used.
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Chapter 8

Atmospheric pollution, elevated C 0 2 and
spruce aphids
A llan D. W att, W alter Fliickiger, Ian D. L eith and E m m a L in d say

Summary
The effects of atm ospheric pollutants on agricultural and forest pests have been studied extensively in
the last 10 years. This research has included w ork on several tree-dw elling aphid species, such as
Elatobium abietinum and Cinara pilicornis on Picea sitchensis, and Cinara pini and Schizolachnus pineti on
Pinus sylvestris. These studies have show n that exposure to S 0 2and N O : consistently enhances aphid
perform ance (as typically m easured by relative grow th rate). Work on ozone has produced less
consistent results.
The effects of atm ospheric C 0 2 have been studied on a range of tree-dw elling insects including.
E abietinum , C. pilicornis, C. pini, Phyllaphis fa g i on Fagus sylvatica, and Drepanosiphum platanoidis on Acer
pseudoplatanus. Published research on plant-chew ing insects has show n that elevated C 0 2tends to have
a detrim ental effect on insect perform ance. Research on aphids, however, has produced less consistent
results, although spruce aphids appear to perform less well on plants exposed to elevated rather than
am bient C O :.
It is concluded that future research effort on atm ospheric pollutants and elevated C 0 2 should (a)
concentrate m ore on aphid pests (b) study the com bined effects of factors such as CCk, drought,
tem perature, plant nutrient status, and pollutants such as ozone, and (c) focus on the consequences of
the results obtained for the abundance and dam age caused by forest pests.

Introduction
It has long been suspected that atm ospheric
pollution plays a significant role in stim ulating
the outbreaks of insect pests. Beling (in Escherich
1931), for exam ple, reports on an outbreak of
E pinotia tedella (C lerck) in 1831 in a sm oke
d am aged you n g spruce stan d in the H arz
m ou ntains. In recen t years, circu m stantial
evidence for the effect of atm ospheric pollution
on in sect pests has b een au gm en ted by
experim ents on a w ide range of insect herbivores,
including several agricultural and forest pests
(M cN eill and W hittaker, 1990; W hittaker, 1994;
Brown, 1995; Docherty et al., 1997a). These pests
have included several aphid species such as
Elatobium abietinum and Cinara pilicornis on Picea
sitchensis, and Cinara pini and Schizolachnus pineti
on Pinus sylvestris. This chapter sum m arises
research on these species.

im pact of m ost aspects of clim ate change have
not been extensively studied: m uch has been
w ritten about the effects of tem peratu re, in
p articu lar, on in sects (e.g Uvarov, 1931;
A ndrew artha and Birch, 1954; Law ton 1995).
H ow ever, the grow in g realisatio n th at the
increase in concentrations of greenhouse gases is
leading to global w arm ing (H oughton et al., 1992;
Bennetts, 1995) has given an extra significance to
previous research on the effects of tem perature
on insects as well as sending this research in new
directions (Dew ar and Watt, 1992; H arrington,
Bale and Tatchell, 1995; Sutherst, M ayw ald and
Skarratt, 1995).
The rising concentration of atm ospheric C 0 2has
also led to research on the effects of elevated
atm ospheric C 0 2, m ainly on plants (Eam us and
Jarvis, 1989; Bazzaz, 1990; Dahlm an, 1993) but
also on in sect h erb iv ores (W att et al. 1995;
D ocherty et al. 1997a). A lthough the effects of
atm ospheric C 0 2 on m any insect herbivores has
been studied, until recently, no w ork had been

In contrast to the concerns about the effects of
atm ospheric pollution on insect pests, there has
been very little interest in the effects of clim ate
change until recently. This is not to say that the
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done on forest pests and the em phasis of the
research had been on plant-chew ing insects.
However, recently com pleted research projects at
Lancaster U niversity and ITE Edinburgh have
focussed on a range of tree-dw elling insects
including Elatobium abietinum, Cinara pilicornis,
Cinara pinea, Phyllaphis fa g i and Drepanosiphum
platanoidis. This chapter discusses published and
unpublished research on these and other species.

Cinara pilicornis. The abundance of the former
aphid species was not affected by distance from
the pollution source, but C inara pilicornis
reproduced fastest near the source. Sim ilar
investigations have been done by Braun and
Fltickiger (1984) near a m otorway with high NC\
pollu tion w here C rataegus sp. w as heavily
infested with Aphis pomi. In that study, potted
C rataegus plants w ere exposed at different
distances to the motorway and infested with
Aphis potni in open and closed cages to study the
effect of parasitoids and predators such as
C occinellidae, Syrphidae and C ecidom yidae.
Close to the pollution source the developm ent of
the aphid population increased significantly but
the number of natural enemies was only 8.7 per
10 000 aphids compared to 21.3 at the control site
200 m from the source of the pollution.

Aphids and atmospheric pollution
Studies on the im pact o f atm ospheric pollutants on
insects
C ircu m stan tial ev id en ce on the im pacts of
pollutants on forest and other pests has been
accum ulating since the m id-19th century (Brown,
1995). In recent years, a num ber of outbreaks
of insects have been attributed to the effect
of air pollution (e.g. Wentzel and Ohnesorge,
1961; Templin, 1962; Sierpinski, 1966; Fliickiger
et al., 1978; Przybylski, 1979). Recent exam ples
include reports that aphids on Pinus sylvestris
are affected by in d u strial pollu tants, som e
species being m ore abundant near the sources
of pollution, som e less abundant (Villemant,
1981; H eliov aara and V aisanen, 1989). In
addition, a survey of the abundance of aphids
in the U K , using data collected by the
R oth am sted In sect Survey, show ed that the
abundance of 39 aphid species w as positively
correlated with S 0 2 concentrations, 34 species
w ere uncorrelated w ith S 0 2 concentrations, and
only one species was negatively correlated with
S 0 2 concentrations (Houlden, M cN eill and Bell
unpublished, in Brown, 1995).

Experiments carried out in closed or open-top
chambers have provided the best evidence for the
effect of pollutants on host plant-insect pest
relationships. Dohm en et al. (1984) describe an
increased growth rate of Aphis fabae feeding on
Vicia faba previously fumigated with 400(Xg m 1
S 0 2 or N 0 2 D irect fum igation of aphids
on artificial diets w ith S 0 2 or N 0 2 had no
effect. H oulden et al. (1990) measured the relative
growth rate (RGR) of eight aphid species on
six agricultural crops. Fum igation with SO : or
N 0 2 led on average to an increase in relative
growth rate of 19% (12 cases) and 26% (9 cases).
The effect of fum igation w as found to be
concentration dependent. SO: fum igation up to
100 nl l 1 led to an increase in the RG R
of A cyrthosiphon pisum on peas, above
this concentration to a decrease in RG R
(Warrington, 1987).

Su ch ev id en ce su ggests that atm ospheric
pollution m ay be having a significant im pact on
the status of forest and agricultural pests, but it
does n ot clearly estab lish the link betw een
atm ospheric pollution and insect abundance, nor
dem onstrate the causal connection betw een the
two. In particu lar, it is u nclear from these
observations w hether atm ospheric pollution is
affecting insect pests directly, indirectly through
their h o st p lants, or in d irectly through the
natural enem ies of insect pests.

The impact of S 0 2 and N 0 2 on the conifer aphids
Elatobium abietinum , Schizolachnus pineti and
Cinara pilicornis has also been studied in closed
chamber experiments. Exposure to S 0 2 led to an
increase in the relative grow th rate and
abundance of Elatobium abietinum on Sitka spruce
(McNeill et al., 1987; W arrington and Whittaker,
1990). Exposure to N 0 2 has also been found to
increase the relative growth rate of Elatobium
abietinum , Schizolachnus pin eti and Cinara
pilicornis (Brow n et al, 1993). In cham ber
experiments with filtered and non-filtered air
along a motorway with N 0 2 concentrations up to
1500 fJ i g m 1 the population developm ent of Aphis
pom i on Crataegus sp. and of Aphis fabae on
Viburnum opulus was significantly greater in the
non-filtered cham bers (Braun and Fliickiger,
1985; Bolsinger and Fliickiger, 1984). However,

Aphids, S 0 2 and N 0 2 pollution
Experim ents along pollution gradients have gone
som e w ay in establishing the role of atmospheric
pollutants. For exam ple H olopainen et al. (1993)
stu d ied the effect of S 0 2 con cen tration s by
placing Pinus sylvestris and Picea abies saplings 0.2
to 4.5 km from a S 0 2 em itting pulp mill and
in festin g them w ith Schizolachnus pineti and
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in crease in aphid settling. In d ivid u al and
population grow th of Schizolachnus pineti was
prom oted by treatm ents of its host plant Pinus
sylvestris w ith acid m ist (Kidd and Thom as,
1988). Kidd (1990) show ed that the grow th rates
of Schizolachnus pineti, Eulacnus agilis and Cinara
pini on Pinus sylvestris were increased by 12,
20 and 100% respectively. O n the other hand, the
grow th rates of Phyllaphis fa g i on beech and of
Aphis fab ae on Phaseolus were inhibited w hen host
plants were treated w ith acid m ist (Braun and
Fliickiger, 1989).

there is som e evidence that biochem ical changes
of the host plants due to pollution effects are
responsible for the changed aphid growth. Plants
in
the
n on -filtered
con d itions
show ed
sig n ifican tly increased con ten ts of soluble
nitrogen as am ino acids and am ides in the
phloem sap. Experim ents w ith artificial diets
have show n that increased concentrations of
am ino acids have a positive effect on aphid
perform ance (B olsinger and Fliickiger, 1989).
Kidd (1990), however, could show positive or
negative associations betw een am ino acids and
phenolics in the phloem sap and the grow th
values of Cinara pini. They suggest that the
overall concentrations of am ino nitrogen m ay be
less im portant to aphid perform ance than the
num ber and relative am ou nts of in d iv id u al
am ino acids.

However, the generally increased N deposition
since the 1950s m ay also in crease aphid
p erfo rm an ce in n atu ral and sem i-n atu ral
ecosystem s like forests. Studies in Sw itzerland
revealed that the average N deposition to forests
betw een 1900 and 1950 w as about 11 to 13 kg
N ha'1a'1 and m ore than 30 kg N h a 1 a'1 betw een
the 1960s and the 1990s. N supply of beech
increased from 1984 to 1995 by 15%. Experim ents
w ith Phyllaphis fa g i show that w ith increasing
N supply of beech individual and population
grow th of aphids increase significantly (Fliickiger
et al., 1997). H ence it is suggested that the
changing nutritional status of forest trees will
affect the perform ance of pests.

A phids and im pact o f ozone
The effect of ozone on aphid perform ance is still
poorly understood. Studies have dem onstrated a
positive im pact in seven cases, a negative im pact
in fou r cases and no effect in seven cases
(H eliovaara and Vaisanen, 1993; H olopainen, et
al., 1994). O nly one conifer aphid has show n a
p ositiv e respon se to ozone exposure, Cinara
pilicornis on Sitka spruce (Brown et al., 1993) and
on N orw ay spruce (H olopainen et al., 1994).
Exposure to ozone had no significant effect on
Elatobium abietinum and no effect or a negative
effect on Schizolachn u s p in eti (M cN eill and
W hittaker, 1990). The sam e ozone treatm ent can
prod uce d ifferen t b ioch em ical respon ses in
different food plants. In a fum igation experim ent
w ith non-filtered, am bient ozone concentrations
and filtered air conditions, the grow th rate of a
population of Aphis fabae on Phaseolus vulgaris
w as sig n ifican tly d ecreased w h ereas the
population grow th rate of Phyllaphis fa g i on Fagus
sylvatica w as significantly increased under the
sam e conditions. Fagus showed, in contrast to
Phaseolus, a significantly increased am ino acid
concentration in the phloem sap in the am bient,
ozone rich condition (Braun and Fltickiger, 1989).
It is suggested that food plant quality, influenced
by ozone, m ight be of predom inant im portance
for aphid perform ance.

Aphids and atmospheric C 0 2
Trends and sources o f atm ospheric C 0 2
C 0 2 is the m ost im portant of the 'greenhouse'
gases (excluding w ater vapour) responsible for
global w arm ing through the absorption and
re-em ission of in frared rad iation in the
atm osphere (UK CCIRG, 1996). C 0 2 and the
other greenhouse gases, w ater vapour, ozone,
m ethane and nitrous oxide and clouds keep
global tem peratures at about 33°C higher than
they w ou ld oth erw ise be. H ow ever, the
concentration of C 0 2 in the atm osphere has risen
from a pre-industrial level of about 280 /xmol
m ol'1 to its current level of about 355 /xmol m ol'1,
and rose at around 1.8 /xmol m ol'1 per annum
during the 1980s (H oughton et al., 1992). The rise
in atm ospheric C 0 2 levels slow ed during the
early 1990s but has recently started to increase
(U K C C IR G , 1996). It is estim ated that
atm ospheric C 0 2 will reach 600 /xmol m ol'1before
2075, and be double the current level in about 100
years (H oughton et al., 1992).

A phids and acid deposition
Acid deposition such as NHT, N H 3, H N 0 3, H 2 SQ,
and HC1 m ay lead to acidification of the leaf
surface (H offm an et al., 1980). K lingauf (1982)
show ed that A cyrthosiphon pisum has a preference
for slightly acid (plant surface) in com parison to
slightly alkaline (phloem sap) conditions. H ence,
acid deposition on plant surface m ight lead to an

The rise in atm ospheric C 0 2 is due to fossil fuel
consum ption and cem ent production (5.5 ± 0.5
GtC/yr, 1980-89) and land-use change (1.6 ± 1.0
G tC/yr) (UK CCIRG, 1996). M ost of the effect of
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land-use change is due to tropical deforestation,
but this is partly balanced by carbon
seq u estratio n due to reforestation in the
N orthern H em isphere at mid and high latitudes
which is thought to be responsible for a net sink
of 0.5 ± 0.5 GtC/yr, leading to a revised estimate
of 1.1 ± 1.2 GtC/yr (UK CCIRG, 1996). Thus the
consum ption of fossil fuels is clearly the major
source of atm ospheric C 0 2.

interactions (Table 8.1). R ecently com pleted,
but as yet unpublished, studies on other
leaf-chew ing and leaf-m ining insects takes
these totals to nine insect species on eleven trees,
a total of 19 insect-plant interactions (Table 8.1).
In addition, experiments have been carried out
on eight plant-su cking insects on five tree
species, a total of eight insect-plant interactions
(Table 8.1)

The increase in atm ospheric C 0 2 is thought to
lead to an increase in crop productivity as a result
of enhanced ph otosynth esis, reduced photorespiration and increased w ater use efficiency of
plants in elevated atm ospheric C 0 2 (Bazzaz,
1990). However, w hen the availability of water
and nutrients is taken into account the 'C 0 2
fertilisatio n ' effect, estim ated to increase
photosynthesis by 20-40%, is likely to be reduced
by about half (UK CCIRG, 1996). Although plant
p ro d u ctiv ity m ay rise under elevated C 0 2,
increasing the size of the resource for insect pests,
ev id en ce from stu dies on the biochem ical
changes in plant foliage under elevated C 0 2
suggests that the quality of the resource is poorer
under elevated C 0 2 due to an decrease in the
concentration of foliar nitrogen and an increase in
carbon-based allelochem icals (Watt et al., 1995).

Experiments on the effects of elevated C 0 2 on
insects have been carried out using plants grown
in either greenhouses with no tem perature or
light control, grow th cham bers with varying
degrees of tem perature control and full or partial
artificial lighting, or in open-topped cham bers,
w here plants w ere subjected to flu ctu ating
temperatures (Watt et al., 1995). In m ost studies,
plants have been
exposed to tw o C 0 2
concentrations, one at, or approxim ating to,
ambient (usually around 350 umol m o l1), and
another at elevated C 0 2, in the range 650 to 700
yu-mol m o l1.
Until recently, most studies on the effects of
elevated C 0 2 on insect perform ance have
involved the use of excised plant m aterial
inside petri dishes or sim ilar containers.
However, recent studies have been done with
insects caged on whole plants (Watt et al., 1995;
Docherty et al., 1997a). Several aspects of insect
perform ance have
been
studied.
M ost
experim ents have included some m easure of

Studies on the im pact o f elevated CO? on insects
Published studies on the im pact of elevated CO,
on insects on trees are lim ited to six leaf-chewing
insects on eight trees, a total of 14 insect-plant

Table 8 .1 .Studies on the im pact of elevated CO 2 on tree-feeding insects
I n s e c t s p e c ie s

T re e s p e c ie s

R e fe r e n c e

L in d ro th , K in n e y an d P latz, 1993

L y m a n tria d is p a r L . a n d M a la c o so m a

P o p u lu s trem u loid es M ich ., Q u ercu s ru bra L.

d is stria H b n .

a n d A c er sacch a ru m M arsh .

L y m a n tria d is p a r L .

B etu la p a p y rifera M a rsh , an d P in u s

R o th a n d L in d ro th , 1994

stro b u s L.
H y a lo p h o r a c e cr o p ia L . A c tia s lu n a L.

B etu la p a p y rifera M arsh .

L in d ro th , A rte e l an d K in n ey, 1995

P icea s itch en sis (B o n g ) C arr., A c er

W att et al., 1996

a n d A n th e r a e a p o ly p h em u s C ra m
O p e ro p h te ra b r u m a ta

p seu d o p la ta n u s L., F a g u s sy lv atica L.
P a n o lis fla m m e a a n d N e o d ip rio n ser tife r

P in u s c o n to rta an d P in u s sylv estris

W att et al., u n p u b lish e d

R h y n c h a en u s fa g i

F a g u s sy lv a tic a L.

D o ch e rty et al., 1996

P icea sitch en sis, P icea a bies an d Pin u s

W att et al., u n p u b lish e d (an d th is p a p e r)

E la to b iu m a b ie tin u m , C in a ra p ilic o rn is
a n d C in a ra p in e a
D rep a n o s ip h u m p la ta n o id is , P erip h y llu s

sy lv estris
A c er p seu d o p la ta n u s an d F a g u s sy lv atica

testu d in a c eu s, P h y lla p h is fa g i, F a g o c y b a
c r u en ta a n d O s sia n n ils so n o la ca llo sa
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D o ch e rty et al., 1997b

rates were averaged to give a single value for
each tree. For each experim ent, aphids were
reared on five trees in each chamber, and, each
year, experim ents were repeated at least twice.
The data were analysed by nested (trees w ithin
cham ber) analysis of variance, pooling the data
from the experim ents carried out each year. The
total num ber of grow th rate observations for each
analysis is given w ith the statistical details below.

larval grow th, either w eight gain, w eight at a
certain stage of the life cycle, or relative grow th
rate (RGR)/
RG R =

ln(w eight2)-ln(weighti)
{ti -ti)

where insects are w eighed at the beginning and
end of a period of grow th (t, and t2 respectively).
The use of RG R (or M R G R ) is p articu larly
w idespread in aphid studies because it is quick
and easy to m easure (Brown, 1995), and because
RG R is closely correlated w ith r„„ the population
rate of increase (Leather and Dixon, 1984), which
is less easy to m easure, even w hen estim ated by
the form ula (W yatt and W hite, 1977):

rm= 0.74 (-

InF d
D

Experiments on spruce aphids: results
a)

There were no significant differences betw een the
grow th rate of E. abietinum on N orw ay spruce at
am bien t and elevated C 0 2 in 1993 (F=0.29,
observations=63, d .f.= l, P=0.61) or 1994 (F=5.77,
observations=92, d .f.= l, P=0.053), although it is
notable that the 38% decrease in grow th rate in
elevated C 0 2 in 1994 is very close to being
statistically significant (Figure 8.1). Insufficient
data were collected in 1995 for statistical analysis
but analysis of the data collected over the three
years show ed that elev ated C 0 2 had no
significant effect on this species on N orw ay
spruce (F=2.21, observations=177, d .f.= l, P=0.17).

-)

w here D is the developm ent tim e or num ber of
days from birth to adult and FDis the num ber of
young born in D days.
Several stu d ies h ave also con sid ered in sect
survival, larval developm ent rates, consum ption
rates, approxim ate d ig estib ility and related
m easures of food utilization, and one study also
exam ined the effect of elevated C 0 2 on insect
fecundity (Fajer et al., 1991). In addition, direct
m easurem ents of insect abundance and rates of
increase w ere m ade in a few studies (Watt et al.,
1995).

b)

During 1993-95, experim ents were carried out at
ITE Edinburgh on Elatobium abietinum , Cinara
pilicornis and Cinara pinea.
Three host plants were used in the experim ents:
Sitka spruce (Picea sitchensis), N orw ay spruce
(Picea abies) and Scots pine (Pinus sylvestris). Twoyear old trees were placed in open-top cham bers
(OTCs) (M urray et al., 1994), four at am bient and
four at elevated C O : (700ppm ). Experim ents were
carried out as follows:
E.
abietinum
on
(1993, 1994, 1995),

N orw ay

b)

E. abietinum on Sitka spruce (1993),

c)

C. pilicornis on N orw ay spruce (1994),

d)

C. pinea on Scots pine (1993, 1994).

E. abietinum on Sitka spruce

On Picea sitchensis, the grow th rate of E. abietinum
w as not significantly affected by elevated CO^
alth ou gh
a
(3-38% )
n on -sig n ifican t
increase in grow th rate occurred in elevated C 0 2
in trees w ith and w ith ou t the ad d itio n of
fertilisers (F=3.01, o b serv atio n s= 80, d .f.= l,
P= 0.13) (im pact of n u trients: F=1.89, d .f.= l,
P =0.22) (Figure 8.2).

Experim ents on spruce aphids: materials and methods

a)

E. abietinum on N orw ay spruce

c)

C. pilicornis on N orw ay spruce

The grow th rate of C. pilicornis on N orw ay spruce
was not significantly affected by exposure to
elevated C 0 2; a non-significant decrease (of 33% )

spruce

o 004
~

0 .0 3

ca
a> 0.02
oc
0.01

1993

In each case, aphids were caged singly from birth
and their grow th rates m easured as described
above. G enerally two aphids w ere reared on each
tree but if both aphids survived, their grow th

1994

Figure 8.1 Effect o f elevated C 0 2 on grow tfi rate o f Elatobium

abietinum on N o rw a y spruce.
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Figure 8 .2 Effect of elevated C 0 2 on growth rate o f Elatobium

Figure 8 .4 Effect of elevated C O 2 on growth rate o f Cinara pinea

abietinum on Sitka spruce.

on Scots pine.

C 0 2 on insects feeding on tree foliage, most
of the experim ental data suggest that elevated
C 0 2 has no impact, or a small negative impact, on
insect perform ance (Figure 8.5). However, it is
notable that few of the experim ents carried
out to date have reported statistically significant
results and therefore any discussion of these
results must be tentative. A com parison of the
results of experim ents on leaf-chew ing and
leaf-sucking insects show s that of the ten
experim ents on leaf-chew ing insects eight
showed that elevated C 0 2 had a negative impact
on growth rate, but of the same num ber of
experiments on leaf-sucking insects six showed
that elevated CO. had a negative im pact on
grow th rate (Figures 8.6-8.7). H ow ever, the
respective average impacts of elevated CO: -1 5 %
among leaf-chewing insects and -10% among
leaf-su ck in g insects, the sm all num ber of
studies on each group of insects, and the
general lack of statistical significance do not
provide convincing evidence for a difference
between leaf-chewing and leaf-sucking insects,
on trees at least.

0.14 ® a12 '

I

0.08 -

U)
a> 0.06
>

-

aJ 0.04 ■

a>

00 0.02

-

0L

Ambient

Elevated

Figure 8.3 Effect o f elevated C O 2 on growth rate o f Cinara

pilicornis on N o rw a y spruce.

in grow th rate w as recorded in the one year in
w hich this species w as studied (F=2.02,
observations=81, d .f.= l, P=0.21) (Figure 8.3).
d)

C. pinea on Scots pine

In both 1993 and 1994 a sm all non-significant
decrease in grow th rate of C. pinea (1993 1%
increase, 1994 29% decrease) was recorded on
Scots pine (1993, F=0.21, observations=15, d .f.=l,
P= 0.67; 1994 F=0.29, observations=34, d .f.= l,
P=0.61; 1993, F=0.03, P=0.87) (Figure 8.4).

The results of experim ents on the im pact of
elevated CO: on spruce aphids and other forest
pests suggest that climate change will not affect
their status as pests greatly. However, increasing
atmospheric C 0 2 is only one aspect of climate
change. The question of w hether increasing
global temperatures will affect forest pests is
outw ith the scope of this chapter. However,
increasing temperatures are likely to affect insect
pests in many ways. Some of these effects will be
negative, such as the disruption to insect-plant
synchrony (D ew ar and Watt, 1992), but the
overall im pact on forest pests is thought to be
positive to the degree that it has been predicted
that forest pest problem s will spread as the
clim ate changes (Flem ing and Volney, 1995;
Williams and Liebhold, 1995).

Discussion and conclusions
Previously unpublished results presented here
on the im p act of elevated C 0 2 on the
perform ance of E. abietinum and other conifer
aphids suggest that elevated C 0 2 has a small
negative, but statistically insignificant, im pact on
aphid grow th rate (Figures 8.1-8.4). Only the
results on E. abietinum on Sitka spruce suggest
that elevated C 0 2 can have a positive effect on
aphid grow th rates (Figure 8.2).
Taken togeth er w ith oth er published and
unpublished studies on the im pact of elevated
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Figure 8.5 Effect o f elevated C O 2 on relative
growth rate o f insects on trees.
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Figure 8 .6 Effect o f elevated C O 2 on relative
growth rate of leaf-chewing insects on trees.
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As pointed out elsew here clim ate change is only
one aspect of global change (Lawton, 1995; Watt
et al., 1995, D ocherty et al, 1997a). The status of
forest pests is also susceptible to pollution and
m any other factors. Taking Elatobium abietinum
and C inara p ilicorn is as exam ples, recent
experim ental research has show n that exposure
to S 0 2 and N 0 2 leads to an increase in aphid
perform ance, the effect of exposure to ozone is
different for each species, and elevated C 0 2 has
no significant effect on either species (Table 8.2).
These results are typical of m ost species studied.
In conclusion, therefore, elevated C 0 2 is unlikely
to change the abun d an ce of spruce aphids
and other forest pests to a significant degree,
but the effects of atm ospheric pollution and
global w arm ing are such that the threat of aphids
to forest trees m ay increase in the predicted
future climate.

W here should research be directed now?
1) Despite the am ount of research over the last
few years, we still h ave a very poor
understanding of the m agnitude of the effects
of elevated C02, S 0 2, NO, and ozone on insect
pests. The im pact of ozone in particular is very
poorly understood. Thus m ore experim ents on
single
p ollu tan ts
are
required.
These
experim ents should include m ore species, be
of longer duration than m ost experim ents
carried out to date and include more than the
m easurem ent of RGR, no m atter how easy.
2) Research on the effects of ozone at different
tem peratures (Brown et al., 1993), and SO 2 on
d rau ghted
and
w ell-w atered
plants
(W arrington and W hittaker 1990) dem onstrate
that in teraction s betw een different factors
require m uch m ore attention, desp ite the
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Table 8 .2 The effects of pollutants and C O 2 on Elatobium abietinum and Cinara pilicornis

a) Effects of pollutants and C 0 2 on E latobiu m abietinu m
Gas

Host plant

Impact of exposure

so:

S itk a sp ru c e

in c re a se in R G R a n d a b u n d a n c e (M c N e ill et al., 1987; W a rrin g to n an d W h ittak er, 1990)

NO,

S itk a sp ru c e

in c re a se in R G R (B ro w n et al., 1 993) - u p to 5 5%

O,

S itk a sp ru c e

n o s ig n ific a n t e ffe c t o n R G R (B ro w n et al., 1 993)

CO;

N o rw a y sp ru c e

n o s ig n ific a n t e ffe c t o n R G R

CO,

S itk a s p ru c e

n o s ig n ific a n t effe c t o n R G R

b) Effects of pollutants and CO, on C inara p ilic o m is
Gas

Host plant

SO ,

Impact of exposure

N o rw a y s p ru c e

in c re a s e in a b u n d a n c e (H o lo p a in e n e t al., 1991, 1993)

NO,

S itk a sp ru c e

in c r e a se in R G R (B ro w n et al., 1 9 9 3 ) - u p to 2 0%

0 3

S itk a sp ru c e

in c re a se in R G R at lo w te m p e ra tu re s, d e cre a se in R G R a t h ig h te m p e ra tu re s (B ro w n et al., 1 993)

CO,

N o rw a y sp ru c e

n o s ig n ific a n t e ffe c t o n R G R

30

Figure 8 .7 Effect of elevated C O , on relative
growth rate o f aphids and other sap-feeding

20

insects on trees.
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1993). M uch more em phasis should be put on
this aspect not least because it could provide a
scientific basis for the effects of different
pollutants and their interactions.

com plexity of the experim ents required to
study two or m ore factors. The degree to
w hich we have to think about the way that
pollutants interact w ith other factors is well
dem onstrated by N euvonen et al., (1990) who
reported that the susceptibility of Neodiprion
sertifer to n u clear polyhed rosis virus w as
reduced by sim ulated acid rain

4) Finally there is a need to place the results of
experim ents in the correct context, i.e what do
the results m ean for the abundance and
dam age done by insect pests. First this requires
a change in the approach to experim ents.
A lthou gh they produce less clear results
than closed -ch am ber experim en ts, field
experim ents and grad ien t stu dies (e.g.
H olopainen et al., 1993) can provide an
understanding of how the effects of pollutants

3) The b ioch em ical basis for the effects of
elevated CO, is reasonably well understood, at
least for leaf-ch ew in g insects, b u t the
biochem ical bases for the effects of pollutants
are
unclear,
d espite
som e
recent
com prehensive studies (e.g Kainulainen et al.,
93

on individuals are m anifest on populations,
w hich are already affected by a range of
density-independent and density-dependent
factors. Few field stu dies have, to date,
m easured the im pact of natural enem ies, but
H olo p ain en et al., (1993) show ed that
d ifferen ces in the abund ance of Cinara
pilicornis along a S 0 2 gradient were unlikely to
be due to natural enem ies by m onitoring the
abund ance of predators and the rate of
parasitism . In addition, there is a need for
more m odelling studies such as that carried
out by Kidd (1991)

Brow n, V.C. (1995). In sect h erb iv ores and
gaseous air pollutants - current know ledge
and prediction s. In, Insects in a changing
environment, 219-249, eds R. H arrington and
N.E. Stork. A cadem ic Press, London.
Brown, V.C., Ashm ore, M .R. and M cN eill, S.
(1993). E xp erim en tal in v estig ation s of the
effects of air-p ollu tan ts on aphids on
con iferou s
trees.
F orstw issen schaftliches
Centralblatt 112,128-132.
D ahlm an, R.C. (1993). C 0 2 and plants: revisited.
Vegetatio 104/105, 339-355.
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Chapter 9

Prospects for sustainable management of
forests to minimise the green spruce aphid
problem in Europe
K eith R. Day, N igel A. Straw and Susanne H arding

Contem porary interpretation of
the relationship between the pest
and its forest environment
The green spruce aphid, Elatobium abietinum, is
now recognised as a significant com ponent in the
plantation forestry system of w estern Europe. Its
real status as a forest pest, that is its potential to
red uce
the
prod u ctiv ity
of
the
forest
environm ent, has rem ained in question until
recently despite its evident capacity to cause
w idespread and periodic defoliation in most
areas w here Sitka spruce (Picea sitchensis) is
grow n. The evolution of its pest status can
generally be attributed to the following:

and these suggest that growth losses m ight be
greater during the latter half of the forest rotation
(Chapter 3). M odel sim ulations also indicate that
repeated attacks over the life of the crop are
capable of reducing tim ber yields significantly.

Population dynamics
Aphid populations undergo dram atic temporal
changes and there is also a spatial com ponent to
their population dynam ics which is determ ined
by climate. Chapter 4 sum m arises the recently
p ublished studies w hich have attem pted to
characterise the underlying causes of change and
stability in E. abietinum populations and the
therm al constraints im posed on pop ulation
growth, particularly in severe winters. W hile
population studies on their own provide few pest
m anagem ent solutions, they are the tools with
which predictions of econom ic im pact can be
m ade and they allow further investigation of
ways in which the abundance of the pest m ight
be
suppressed.
Sim u lation
m odels
are
particularly good at allowing the exploration of
the possible effects of m anagem ent options. They
therefore provide a vital link betw een studies of
the im pact on tree growth and the m easures
w hich m ay be introduced to reduce that impact.
C urrent w ork in d icates that u sefu l insect
population m odels for m anagem ent, based on
sufficient biological understanding, could be
derived
from m uch existin g know led ge
(Chapters 4 and 6)

1. planting of Sitka spruce, one of the most
susceptible hosts, has increased in recent
years
2. the clim ate of areas conducive to high
grow th p oten tial in Sitka spruce, is
particularly favourable for aphid survival
and population developm ent.
If E. abietinum was originally an aphid associated
w ith Picea abies in Europe (Chapter 1), then it has
since been introduced as an exotic species to
m any other parts of the world where suitable
host plants exist. The aphid appears to have
becom e a m ajor problem in New Zealand, and is
increasingly evident in natural stands of Sitka
spruce, in seed orchards and in plantations of
other spruce species along the west coast of
N orth Am erica.
Research in Europe has dem onstrated that severe
infestations of E. abietinum have a significant and
protracted effect on spruce grow th. R ecent
stu dies have characterised this response for
young trees, but the response of older trees in
plantations is less well docum ented and may be
different (Chapter 2). M odelling studies have
started to use the em pirical inform ation available
to estim ate im pacts on final tree sizes and yields

Cultural and genetic components
of resistance
In contrast to m any other insect pests,
E. abietinum does not appear to be favoured by
reduced vitality of its host trees. Rather, aphid
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found no evidence that elevated inputs of N (or
P), from w hatever source, lead to increased
sen sitiv ity
to
aphid
dam age.
H ow ever,
interactions betw een spruce aphid attack and
particular types of nutrient stress m ay exacerbate
tree decline, as perhaps has occurred on some
sites studied in South Wales (Coutts, 1995).

attacks occur m ost intensely on the trees w hich
are show ing the best grow th within a seed origin;
good nutritional status and fertilisation w ith
nitrogen often but not alw ays prom otes aphid
population developm ent. This m eans that, unlike
the m an agem en t o f other in sect pests, the
m anagem ent of the green spruce aphid, cannot
focus on the im provem ent of tree vitality through
silviculture as a m easure to am eliorate damage.

The green spruce aphid m ay have a role in long
term nutrient cycling in forest ecosystem s. This
role m ay in the short term be beneficial, but m ay
eventually be detrim ental to spruce grow th and
productivity. In Denm ark, studies have show n
that faecal droppings from insectivorous birds
(Paridae), w hich occurred in m arkedly increased
num bers in heavily infested stands, add nutrients
to the soil so stim ulating tree growth. These
droppings contain large am ounts of P, N and K.
The carbohydrates from aphid honeydew lead,
togeth er w ith the n u trients, to increased
decom position in the forest soil. The rise in
tem perature resulting from the increase in light
penetration after heavy defoliation also leads to
an increased activ ity of m icroorganism s.
D ecom position m ay be so intense that the result
is a great w ashout of N as nitrate. The creation of
these h igh n itrate levels is follow ed by an
acidification of the forest soil. It has also been
observed that P, N and K, and dissolved organic
m atter, leach m ore rap id ly from dam aged
needles. A bout 50% of the total depletion of P
and K happened in M ay and June w hen these
substances are im portant to the vitality of the
trees. The m ain problem is considered not to be
the additional loss of nutrients but the tim ing of
loss (Pedersen, 1992).

It seem s that both cu ltu ral and gen etic
com ponents influence either the w ays in which
aphid pop u lation s develop on trees or the
m anifestation of their effects. It is noticeable that
trees w ithin a forest stand are differentially
attacked (m ainly genetically determ ined), and
that different stands w ithin close proxim ity can
be affected in different ways. Such differences
often result from cu ltu ral factors p ossibly
m odified by m icroclim atic variation. Differences
in su scep tibility h ave been d em on strated at
species, provenance, fam ily and clonal levels
(Chapter 7) and the understanding of the extent
and heritability of resistance to the green spruce
aphid is grad u ally in creasin g as stu dies of
genetically defined host plants are intensified
(C hap ter 7). H ow ever, alth ou gh the visu al
exp ression of d ifferen tial su scep tibility is
obvious, the u n d erlyin g m ech an ism s of
resistance are still only poorly understood.
The sam e applies to the influence of cultural
factors on the effect of aphid attack on spruce and
only a few studies have been carried out to
elu cid ate the effects of p h y sicoch em ical
properties of the soil on aphid attack level and of
the im plications of silvicultural practice. N utrient
su pply p ositiv ely affects aphid p op u lation
developm ent, but interactions betw een nitrogen
(N) and other nutrients such as K, Cu and Mg,
com m only used in fertilisation program m es,
m ost likely exist (Carter and N ichols, 1985), but
have so far not been thoroughly investigated. The
role of nutrient availability in the aphid-tree
system depends on the und erlying cause of
nutrient im balance. W here scarcity of N is the
problem , low er foliar N concentration would be
expected to be detrim ental to the spruce aphid
and lead to sm aller populations. W here other
nutrients are lim iting and N rem ains relatively
abundant, then higher aphid populations m ight
develop p articu larly if chem ical im balan ce
w ithin the tree leads to higher than norm al
concentrations of N, greater availability of key
am ino acids and red u ction s in defen sive
chem icals. Such patterns are poorly researched at
present although a partly experim ental approach
to this problem by Thom as and M iller (1994)

Predators and parasitoids
The fact that extensive defoliation of spruce can
occur, even in the presence of diverse natural
enem y pop ulations, encou rages opinion that
enem ies play little part in governing population
size of the pest. However, evidence is em erging
that biological controls could be im portant in
m inim ising dam age at certain times of the year
(Chapter 6) and w here population grow th rate of
aphids is slow ed by tree resistance m echanism s
(Chapter 7) or clim ate, thus reducing the effects
o f predator-p rey fu n ctional resp on ses and
im proving the num erical responses of enem ies to
ch angin g aphid p op u lation den sities. The
d ecisiv en ess of their effects m igh t vary
regionally, perhaps in accordance w ith the large
differences w h ich exist b etw een the n atu ral
enem y fau n as of d ifferen t forests. These
differences are m ost m arked w hen com parison is
m ade betw een Iceland and other regions of
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oceanic northw estern Europe (Chapter 5). Only a
few of the natural enem y species norm ally found
in forests of northw estern Europe, have been
found in Iceland. N one of the Coccinellidae,
H em erobiidae, A nthocoridae or Araneida and
only one of the Sy rphid ae w ere found in
system atic su rveys (A ustara et al, 1997). In
Iceland too, an aphid population peak frequently
occurs in late autum n or early winter, and models
developed in Chapter 4 support a link between
this phenom enon and the absence of natural
enem ies. O f course the therm al environment,
w hich so firm ly underpins aphid developm ental
rates, is also very im portant in Iceland. Thus, a
region al com parison, w hile lackin g critical
experim ents, m ay provide some insight into the
im portant role played by enem ies in the aphid's
m ain areas of distribution. M odels developed in
C hap ter 6 are gen eralised tools w hich can
provide the basis for further exam ination of the
contribution m ade to aphid population dynamics
by m ost aphid predators or parasitoids. Since the
m odels provide testable hypotheses, there is
every reason for using them in conjunction with
field
and
laboratory
observations
and
experim ents.

inducing a stress reaction in the host plant that
increases the availability of soluble nitrogen
w ithin the plant tissues. N itrogen is the most
im portant n u trition al chem ical for insects.
Increased in dividual perform ance on plants
exposed to pollutants leads to higher populations
of E. abietinum and hence greater im pact
(Chapters 2 and 8). Wet deposition of SO : and
NOx as acid rain may, especially in the case of the
latter, increase nutrient availability to forest trees
and improve growth, especially on sites where
nitrogen is limiting. Deliberate fertilization has
the sam e effect, but im provem ents in plant
nutritional status by either m echanism also, tend
to increase foliar nitrogen concentrations and
prom ote higher aphid pop ulations. Faster
growing, fertilized trees have been observed to
suffer higher rates of infestation and defoliation,
and greater relative grow th losses (Chapters
2 and 7). H ow ever, w hether the direct
im provem ent in growth is sufficient to outweigh
the effects of greater susceptibility to infestation
is far from certain.
The influence of gaseous air pollutants on aphid
populations is likely to be rather localized and in
general is considered to be decreasing in north
w estern European countries (Brown, 1995). In
contrast, C 0 2 concentrations in the atmosphere
and associated changes in m ean annual
tem peratures operate at a global scale and are set
to continue to rise. C 0 2 appears to have little
direct influence on insect perform ance, at the
m ost a small negative effect (Chapter 8), whereas
increased temperatures are likely to benefit many
insect species by speeding up developm ental
rates and enhancing reproductive output.
E. abietinum is especially likely to respond to
m ilder winter weather, since a reduction in the
chances of severe or prolonged freezing will
allow m ore individuals to survive until the
spring, enabling higher peak densities to be
achieved (Straw, 1995). H ow ever, w arm er
tem peratures are also likely to benefit natural
enem y populations. Consequently, the net effects
of global climate change for E. abietinum, and
populations of other insect pest species, are
difficult to predict (H arrington et al., 1995).

Pathogens
Fungal pathogens from the Entom ophthorales
are pervasive in some high density populations
of
aphid s
and
m ay
require
specific
environm ental conditions to becom e epidemic.
The need for critical conditions is suggested by
th eir occu rrence, w hich is sp atially and
tem porally sporadic. Six species have been found
in w estern European regions, w hile Neozygites
fresen ii is the only one found in Iceland (Chapter
5). Their occurrence has been estim ated in some
studies as a percentage of aphids in samples,
w h ich show d efinite signs o f leth al fungal
infection or as proportions of aphids destined
to develop in fection and die, d em onstrated
by careful rearing and diagnosis of prevalence.
O nly the latter m ethod is a reliable indicator
of the killing pow er of entom opathogens, but
it is time consum ing and results of this quality
have not been obtained fully in a system atic
way. It can how ever be concluded tentatively
that en tom op ath ogen s m ake a significant
contribution to keeping sum m er peak aphid
population levels below their highest potential.

The influence of drought (water stress) on spruce
and on the dynam ics of spruce aphid
p opulations, and on im pact, is poorly
understood. Climate change m ay induce more
frequent sum m er droughts in areas relatively
m arginal for grow ing Sitka spruce, and
interactions w ith spruce aphid m ay exacerbate or
ameliorate this effect. Current inform ation on the
effect of drought is m ixed. W arrington and

Climate change and pollution
Gaseous air pollutants, especially S 0 2 and oxides
of nitrogen, generally enhance the perform ance
o f h erbivorou s insects, especially aphids, by
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W hittaker (1990) indicated that drought had a
large direct effect on the plant but no interaction
w ith the green spruce aphid, w hereas M ajor
(1990) found that interm ittant drought stress
in creased aphid p op u lation d en sities. M ore
system atic stu d ies are required to elu cid ate
typical responses.

variation (in com bination w ith high heritability)
m eans that very high gains can be expected from
selection for resistance. Selection for a specific
trait may, however, create problem s because of
interactions w ith other traits for w hich selection
is also dem anded and betw een w hich a negative
correlation m ay appear. So far there have been no
negative relationships betw een resistance and
grow th param eters suggesting that high yield
and resistan ce m ay be com p atible goals.
Investigations of interactions betw een resistance
and other traits such as susceptibility to other
pests or to cultural or clim atic factors (e.g. frost
tolerance) is obviously needed in the future
before in corp oratin g aphid resistan ce into
breeding program m es.

Prospects for sustainable manage
ment and research needed in the
future
The green spruce aphid can be killed by
pesticides, indeed this is an option used by
Christm as tree grow ers (Carter and Winter, 1998),
but it is not considered a sustainable m eans of
regulating the pest nor is it likely to be good for
the integrity of a forest plantation environm ent,
even in the short-term . The m anagem ent of the
aphid in future w ill rely m ore h eav ily on
developing resistance in forest trees through treebreeding or silviculture, and com bining this with
au gm en tation
of
biolog ical
controls.
A
fram ew ork
for
ach iev in g
cost-effectiv e
m anagem ent will be built on flexible m odels for
the aphid-tree system and a better know ledge of
the im pacts of the insects on tree grow th. The
effects of clim ate change and p ollu tion are
external factors that deserve continued study,
given the long-term nature of forest econom ics. A
final consideration is the genetic basis for aphid
bionom ics and how this affects the pest problem
in existing and new parts of its range.

A lth ou gh it is ev id en t that differen tial
susceptibility is exhibited by individual spruce
species, the m echanism s involved are still not
fully understood. To evaluate the full scope of
long-term benefits of im proving resistance in the
plantation stock, a clearer understanding of these
m echanism s is required.
Firstly, com parative studies of aphid behaviour
and perform ance on susceptible and resistant
host plants should be undertaken to exam ine
w h eth er resistan ce is con n ected w ith the
colon isation and estab lish m en t phase of the
aphids (an tixen osis), or if the resistan ce
m echanism is antibiotic in nature, operating
n egatively on survival, developm ent and/or
rep roduction. Furth erm ore, alth ou gh stu dies
have com prised aphid counts and assessm ents of
defoliation, only a few observations exist on both
param eters on the sam e plants w hich would
perm it a better understanding of the degree of
tolerance of differen t spruce in d ivid uals.
Tolerance w ould im ply that the p lants in
question are able to host a higher num ber of
aphids w ithout suffering as m uch as susceptible
plants in the sam e circum stances.

Resistance or susceptibility?
The m ost prom ising way in which green spruce
aphid effects will be m inim ised in future w ill be
through im proving resistance in plantation stock.
Although variation has been found at provenance
level, choice of provenance alone m ay how ever
not be the only w ay forw ard in genetic
m anagem ent of the aphid, as a substantial and
highly significant w ithin-provenance variation
has been dem onstrated (Chapter 7). Genetically
better-defined stock, i.e. fam ilies or even clones
with a high degree of resistance are certain to be
found w ithin all provenances - a fact that give
excellent prospects for im proving resistance in
different European regions. It m ay be necessary to
im prove stock from a wide range of seed origins
since clim atic constraints im posed on the host
plants vary so much.

H avin g id en tified in d iv id u als w ith a w elldefined level of resistance a second step in the
id en tification of m echanism s respon sible for
resistan ce w ill be to an alyse in d etail the
characteristics of the resistant genotypes. In the
first place it w ill be useful to search for not only
chem ical com ponents, m ain ly terpen es and
phenolics, w hich are know n to play an im portant
role as p lant d efence su bstan ces, but also
anatom ical features of the needles. The ability to
id entify sp ecific h ost p lan t ch aracteristics
connected w ith resistance w ould eventually aid
in d ev elop in g m eth od s for screenin g p lant
m aterial as early as the nursery.

A n im portant feature of resistance is that it is
heritable, and recent analyses of resistance in
progenies of Sitka spruce have show n a high
fam ily h eritability (C hapter 7). G reat fam ily
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Screen in g should how ever be based on the
assum ption that resistance is fairly consistent
in time. To som e extent it is always modified
by abiotic and biotic factors, but the general
level of resistance should not vary substantially
w ith the age of the trees. Therefore, long-term
studies of the consistency of resistance are badly
need ed . In turn, studies of the heredity of
resistance w ith the objective of determ ining its
gen etic b asis are also im portant. H ere tw o
approaches are appropriate; the first comprises
the calculation of genetic param eters such as
estim ates of broad sense and narrow sense
heritability. G enetic v ariation w ithin and
betw een gen etically defined spruce m aterial
should be further investigated and determ ined
and estim ates of genetic correlation betw een
aphid resistance and other traits would allow an
ev alu ation of the scope for breed in g for
resistance. A nother approach should be directed
at D N A analysis, focusing on determ ining the
presence and expression of different resistanceassociated genes.

W ays of augm enting natu ral enem ies, their
biodiversity and their impact, should now be
developed more systematically.
The existence of variable predator com m unities
and sporadic occurrence of pathogens suggests
scope for m anaging the forest environm ent
to gain the best advantage from their presence.
A s a first m easure, structured quan titative
sam ples of n atural enem y com m u nities are
needed from forests to relate the presence
of key taxa or the b iod iversity of natural
enem ies, to forest environm ental variables.
A clearer understanding of the geographic and
silvicultural lim itations to natural enem ies is
required.
As a second step, there is a need for a better
understanding of the im pact of natural enemies
on the pest. Inform ation exists for som e species in
only two published studies (Chapter 6). Ideally,
there
should
be
structured
age-specific
dem ographic data for all the im portant species in
a locality, in order to construct flexible sub
models of the natural enem y effects (Barlow and
Dixon, 1980). Since this is not achievable for all
forest and climate system s in w estern Europe, a
num ber of inferences will have to be made and
the outcom e of the sim ulation m odelling tested
against as many data sets as possible from field
(forest) populations of aphids.

There is a perceived danger in applying the
results of plant breeding, which is that resistance
will eventually be broken by the pest and the
entire d efensive strategy of a com m erciallygrow n species will be penetrated. We believe that
the prognosis for Sitka spruce in relation to the
green spruce aphid is m ore prom ising than this
for the follow ing reasons. Firstly, E. abietinum is
alm ost exclusively anholocyclic in regions where
it poses the greatest challenge to Sitka spruce
(C arter and Austara, 1994), and therefore its
an ticip ated ev olu tion ary rate should be
correspondingly slow. It should therefore be
relatively slow to adapt to genetically based
resistan ce in its h ost plants. Secondly, the
apparent stability of resistance w ithin N orway
spruce (Picea abies) (the likely original host of
E. abietinum , C hapter 1) suggests that, once
established in a population of trees, resistance
to the aphid is n ot so easily penetrated
in ev olu tion ary tim e. W ithin the genetic
variability of Sitka spruce it should be possible to
identify resistance traits com parable to those in
N orw ay spruce, and to expect them also to have
long-term stability.

Taking a lead from a knowledge of insect and
pathogen biodiversity patterns, there should also
be studies relating the m ost im portant natural
enem ies to specific features in forests which
could act as reservoirs or provide alternative
resources. The existence of altern ative prey
species for aphid predators (Parry, 1992) could be
a crucial elem ent in su stain in g effective
pop ulation levels. A lternative habitats m ay
provide a sim ilar opportunity for predators,
p arasitoid s and pathogens and could be
investigated with their juxtaposition to forests in
mind. Some alternative habitats could even be
created w ithin spruce stands. This kind of
approach has been considered by Dennis and Fry
(1992) and Dennis et al. (1994) for predatory
arthropods
inhabiting
field
m argins
in
agricultural landscapes. Forest stand edges have
a particular character which can influence the
ecology of insect pests (Peltonen et al. 1997) and
through fragm entation of forest units, are known
to influence their dynam ics (Roland, 1993). There
are therefore options in forest design and m osaic
structure which m ight be relevant to reducing
critical levels of the pest. M any of these ideas are
resonant w ith European and national policies on

Biological controls
There is little doubt that natural enem ies could
con trib u te sig n ifican tly to preventing the
developm ent of high aphid population densities.
H ow ever, research is only begin n in g to
understand the true im pact of predators and
parasitoids on the green spruce aphid, and there
is no consistent data for the im pact of pathogens.
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som e light on year to year changes in aphid peak
num bers (and hence foliar dam age to spruce).
Th acker (1995) and others (C hapter 4) have
deployed a v ariety of available data on
E. abietinum populations (indices and counts) in
analysis of the relative strengths of regulation
and w eather factors in determ ining the pattern
of population change and stability.

forestry, w h ich now seek to in crease the
biodiversity of com m ercial plantations and to
im prove the con servatio n p oten tial of such
habitats (Anon., 1995).
The four m ost frequently encountered fungal
species pathogenic to E. abietinum are also those
found com m only on field crop aphid pests, and
in fact on a w ide range of aphid species. For
path ogen s there are alm ost certain to be
reservoirs in areas surrounding forests. Possibly
even m ore im portant are habitats w ithin the
forest dom inated by woody or herbaceous plants
w hich in turn are inhabited by other aphid
species acting as fungal reservoirs w hen the
spruce aphid p op u lation is low in su m m er
(Steenberg and Eilenberg, 1995). This m ay be
esp ecially relev ant to Icelan d w here m any
potential natural enem ies are absent but there are
at least experim ental forest system s w ith spruce,
lupin and birch. The com m on aphids on birch
B etulaphis qu adritu berculata and Euceraphis
punctipennis m ay share natural enem ies with
E. abietinum. O nce again it should be em phasised
that detailed em pirical and m odelling studies of
natural enem y and pest interactions w ill chart the
way for m anagem ent options.

The im portance o f the therm al environm ent
has long b een recognised but only recently
quantified sufficiently to allow an attem pt at
regional analysis of aphid attack probability.
W ith sufficient local therm al data this could
be progressed to the stage of a green spruce
aphid risk assessm ent for E uropean forests.
This could either be used in its ow n right to
in d icate to forest research organ isation s the
attention this aphid should merit, or it could
overlay the region al cost-b en efit prognosis
w hich w ould take into account m easures to
introduce resistance and augm ent biocontrols
and to set these against the likely im pact of
aphid attack.
Impacts
A ssessing the costs and benefits of introducing
resistan t spruce gen otyp es and efforts to
augm ent biocontrols depends crucially on having
a clear description of the relationship betw een
aphid densities, defoliation and im pact on tree
growth. The relationship betw een the pest and its
econom ic costs over the life of a crop is not a
sim ple one and can be d efined only by a
com bin ation
of
exp erim en tal
studies,
retrospective investigations and plantation-scale
grow th m odelling. It is essential in this work,
especially for em pirical studies, that grow th
losses are related to accurate m easures of aphid
density and needle loss, not only to define the
key
relation sh ip s,
but
also
to
ensure
com p atib ility b etw een stu dies con d u cted in
different regions and different phases of the
forest cycle.

M odels o f population dynamics
Sim u lation m od ellin g is a u sefu l w ay of
overcom ing the problem s w hich arise because
aphids have overlapping generations and rapidly
changing age distributions. The usefulness of
such m odels is that they can integrate m ost
available know ledge, provide a functional basis
for observed events and a strin gen t test of
u nd erstand ing , show precisely w here future
work is required and provide a fram ew ork into
w hich it can be in corp orated , and increase
und erstan d in g o f the roles o f in teractin g
com ponent processes (Barlow and Dixon, 1980).
T his approach has w orked p articu larly w ell
for other tree-dw elling aphids for w hich the
egg stage provid es a con v en ien t en d -ofseason poin t of reference and by m eans of
which insect populations in consecutive years
can be linked by observation and m odel output.
In the areas of its European range in w hich
w e are in terested , the green spruce aphid
is
an h olocyclic
and
often
declin es
to
im perceptibly low population levels during the
w inter, m akin g it d ifficu lt in turn, to link
sim u lation s effectiv ely from one year to
another. So far, sim u lation m od ellin g has
illu m in ated the roles of processes w hich
govern the increase and decline in population
w ithin a year, w hile the analysis of population
tim e series by m ultiple regression has shed

U ltim ately, m od ellin g stu dies are the only
m eans by w hich the effects of separate aphid
outbreaks can be integrated to predict im pacts on
final tree size and plantation yields. Reliable
predictions depend on the m odels sim ulating the
effects of aphid attack accurately and hence they
m ust calibrate against em pirical data. However,
certain basic inform ation is still unavailable,
p articu larly the resp on se of old er trees to
in festatio n and the num ber and severity of
outbreaks that stands typically experience during
their lifetim es. C urrent m odels also require better
p aram eterisation
to
in corp orate
season al
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differences in the pattern of aphid attack and
foliar ph en ology w ithin years, and better
rep resen tation of w ith in crow n defoliation
patterns.

Pest variability
Are lineages of aphids from different regional
or
host
sources
biologically
different
(Blackman, 1979, 1980), in a way which has
real consequences for predicting the outcome
of the environm ent-aphid-tree interaction?
A first step to answering this question is to
identify the genetic diversity w ithin and
am ong populations in northern and w estern
Europe and to determ ine the im portance
of this diversity to the perform ance of the
aphid on different plants and to its tolerance
to adverse clim atic conditions. Som e progress
w ith this is currently being m ade in Iceland
(Sigurdsson et al., 1998) w here the relatively
recent introduction of the green spruce aphid
has a special sign ifican ce (C hap ter 1) The
approach is an analysis of aphid DN A by the
RAPD method to characterise aphid lineages
from selected geographic and host origins.
M olecu lar m easures have been extend ed to
improve accuracy and provide better resolution
of genetic relationships among aphids. Previous
work has been designed around RAPD markers,
b ut it w ould now be d esirable to use two
additional types of markers: 1) RFLP analysis
using a major ribosom al gene (rDNA), and 2)
a satellite sequence. These approaches will tell us
m ore about the m olecular nature of the
mutations or genetic differentiation w hile RAPD
is based on random am plification only.

P relim in ary results w ith the grow th m odel
G R O M IT in d icate that a sm all num ber of
aphid outbreaks or only light defoliation have
little effect on long-term growth. Consequently, it
m ay be possible to identify a rate of defoliation,
or aphid infestation, below which im pact on
grow th is tolerable and tow ard w hich
m an agem en t o f the pest could be targeted.
Estim ates of grow th losses caused by frequencies
of ou tbreaks and rates o f d efoliation above
the econom ic threshold could inform decisions
on w hether to delay harvesting to com pensate for
reduced grow th and be used to evaluate the costs
and b en efits of p est m anagem ent options.
K now in g the relation sh ip betw een aphid
p op u lation s and d efoliation, and the effects
of d efoliation on increm ent, should allow
m od els of aphid p op ulation dynam ics and
stand perform ance to be com bined, to predict
how stand yield class relates to higher or lower
aphid populations, for different types of sites
and in d ifferen t regions and, in the longer
term, how productivity of Sitka spruce may
fall if spruce aphid pop ulations increase
b ecau se of clim atic change. An estim ate of
the future yield class of Sitka spruce would
in d icate w hen the p lantin g of alternative
crop species m igh t b ecom e as econom ically
attractive.

Initial results from the analysis of genetic
variation using the RAPD method show that
the Icelandic population of the green spruce
aphid is very hom ogeneous (Sigurdsson et al.,
1998). Only two clones have been detected in a
geographic area ranging from the west coast
south to the eastern fjords. No variation was
detected w ithin each site w here aphids were
sam pled directly from trees, and there w as a clear
geographical line betw een these tw o clones
which divides them betw een (1) the w est and
south of the country and (2) the east. The
responses of these two clones to host plants of
differing quality remain to be seen, but it m ay be
speculated that the introduction of resistant
planting stock will be at least as successful in
Iceland as elsewhere, if not more so since the
aphids have a low genetic diversity. To retain
this advantage, the strict controls on im portation
of futher live aphid m aterial to Iceland should
be maintained. Genetic variation of the green
spruce aphid has also been investigated in New
Zealand (Nicol et al., 1998). Here there is no
detectable genetic variation, com pared w ith high
variation am ong populations sam pled in the
United Kingdom.

A biotic Influences
D espite the research over the last few years, we
still have a very poor understanding of the
m agnitude of the effects of elevated C 0 2, S 0 2,
N 0 2 and ozone on insect pests. The im pact of
ozone in particular is very poorly understood,
ev en though this p ollu tan t operates m ore
reg ion ally and is stead ily in creasin g in
im portance. The effects of ozone appear to be
m odulated by tem perature and the effects of
other pollutants also appear to be m odified by
other factors (e.g. S 0 2 and drought). H ence more
attention needs to be given to experim ents that
explore in teraction s b etw een pollu tan ts and
b etw een these and other environm ental
variables. The biochem ical and physiological
processes that m odify the effect of pollutants are
also unclear. A n understanding of these would
provid e a scien tific basis for the effects of
d ifferen t p ollu tan ts and their interaction. A
further requirem ent is that experim ental results
need to be taken from the laboratory and tested
in the field to determ ine effects on populations.
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A range of work in w hich there is further analysis
of sam ples from other countries u sing both
RAPD and other m arker aided m ethods should
be progressed. There need to be parallel studies
of the p op u lation grow th, p erform ance and
tolerance of defined aphid lineages to sub-zero
tem peratures, and of course to spruce of different
genetic origin.

problem is a critical issue for developing forest
industries in a num ber o f countries w here there is
a heavy reliance on fast-grow ing tim ber species.
The g en etic gains obtained from p lantin g
propagated im proved bulked fam ily m ixtures of
Sitka spruce or stock from approved clonal seed
orchards, can only b e preserved by taking
additional account of insect pests like the spruce
aphid, since they can be associated with trees
throughout an entire rotation.

Final observations
There is a need to com bine a know ledge of all
these
elem en ts
to
prod uce
p ractical
recom m end ations for IPM (Integrated Pest
M anagem ent) to be applied at the European
scale. Som e recom m endations have arisen from
w ith in the E uropean C om m unity C oncerted
Action (AIR3-CT94-1883) and are reported in
earlier Chapters in this volum e, but for the m ost
part the A ction has enabled a harm onisation of
activities and provided an international im petus
for future research which w ill achieve an IPM
goal. O ver the next few years it is anticipated that
there will be integration of results accom plished
under the headings of resistance and biocontrol,
and a sum m ary of econom ic predictions for
forest growth, w ith and w ithout forest protection
im provem ents. The likelihood that the effect of
tree resistance w ill reduce aphid pop ulation
grow th rate and im prove the efficacy of natural
biological control agents, is keenly anticipated.
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