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Summary then plantation health can be managed through practices which
aim to minimise overall tree stress rather than focusing on
A trial designed to measure benefits to growth of posspecific stress-inducing agents (Norris 1988; Browning 1998).
establishment weed control and fertiliser (diammoniurBtone and Clarke (1998) advocated maximising the
phosphate, DAP) application in a youm@calyptus dunnii physiological vigour of plantation eucalypts in order to reduce
plantation was used to test whether young trees benefiting fréine impact of herbivorous insects.
such silvicultural practices were more resilient to stress from
waterlogging and insect damage. Chlorophyll fluorescend® date, most eucalypt health assessment studies have been
(Fv/IFm) was used as the measure of tree stress. Both the waged on subjective estimates of visual features of tree canopy
control and fertiliser treatments had significant benefici&ondition and damage. This can lead to problems of
effects on diameter and height of surviving trees. Tree growgfandardisation and interpretation of canopy health (Innes 1993;
response was greater for weed control than fertiliser applicatidrgretti 1997; Stone 1999). Recently, several authors (e.g.
Neither treatment, however, appeared to alleviate the impact@hammedet al 1995; 1997; Lichtenthaler 1996) have
flooding on tree mortality. Insect damage, in particular from trdvocated the need to obtain quantitative physiologically based
leaf blister sawflyPhylacteophaga froggattivas negatively Parameters that relate to tree condition and vigour, in addition to
correlated with tree size, which in turn was directly influenceysual estimates and physical measurements, for tree health
by the degree of soil inundation, weed control and fertiliséssessment. In green foliage, the largest part of light energy
application. It is argued that growth results from a balance @psorbed by the leaf pigments is used for photosynthesis.
beneficial conditions and a range of stressful factors. Poétminor part is re-emitted as heat and chlorophyll fluorescence.
establishment practices such as weed control and fertilidBr Stressed leaves photosynthetic activity declines and the

application can improve tree resilience to stress-inducing factéorophyll fluorescence emission increases (Lenal 1994).
that cannot be managed easily. Measurement of chlorophyll fluorescence has successfully been

used as a generic diagnostic tool for the detection of
Keywords: waterlogging, stress-ucalyptus dunnji diameter, physiological stress in plants arising from a range of stressful
growth, weed control, fertilisers, chlorophyll, fluorescence, leanvironmental factors such as drought, heat, cold, air pollution

blister sawfly,Phylacteophaga froggattinsect pests and nutrient deficiency (e.g. Schreiber and Bilger 1987
) Mohammedet al 1995; Lichtenthaler and Miehé 1997). One
Introduction chlorophyll fluorescence parameter, Fv/Fm (the ratio of

maximum variable to maximum total fluorescence) is a direct
Plantation trees are subject to a varying range and intensitygofantitative measure of the efficiency of the photosynthetic
environmental factors causing physiological stress. Althougipparatus and can be easily measured by portable
acting simultaneously on the plant, their effects may hastrumentation (Mohammeet al 1995). Sustained decreases
hierarchical, some factors acting as primary stressors whighphotochemical efficiency have been shown to influence both
considerably reduce the tree’s vitality and others as secondaiyvival and growth rates of eucalypt seedlings (Heliyal
stressors which further lower vitality (Lichtenthaler 1996). Post-994; Ball et d. 1997; Closeet al 2000). Because of our
establishment silvicultural practices such as weed control ajmderest in demonstrating a possible relationship between
fertiliser application may alleviate the potential impact of somghlorophyll fluorescence, tree growth and visual poor health of
of these stress-inducing environmental conditions (Margolis an@e crowns, a subsample of trees in this study was selected for
Brand 1990; Bolhar-Nordenkampét al 1994). Several field measurements of Fv/Fm using a portable chlorophyll
Australian studies have demonstrated that intensive silvicultufRlorometer.
practices during the establishment phase of eucalypt plantations
promote vigorously growing trees (Turnbell al. 1988; Birk Trees measured in this study were planted d&uealyptus
and Turner 1992). We assume that vigorous healthy trees duaniiMaiden trial plantation designed to determine benefits to
more resilient§ensuRapportet al 1998) to a range of stressfulgrowth of post-establishment weed control and fertiliser
factors, while less vigorous trees are likely to have a lowapplication. Within three months of trial establishment, the
tolerance threshold to stressful agents such as leaf-damagiisjrict received above-average rainfall resulting in a flood that
insects (Strauss and Agrawal 1999). If this is indeed the cas@terlogged the trial site to varying degrees of wetness (Fig. 1).
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Waterlogging stresses plants by depriving roots of atmosphesjgacing of 3 m along the mounds with a machine planter and
oxygen within the rhizosphere which then reduces aerobirtilised with 50 g granular diammonium phosphate (DAP)
respiration and root metabolism (Broadford and Yang 198turied alongside each seedling. The seedlings were considered
Drew 1983; Kozlowski 1984). This waterlogging coincidedo have been in good condition during the early establishment
with the final two occasions of trial measurements (Fig. 1phase of the plantation (P. Brennan, SFN$&Ys. comn).

Another stressful factor, that of feeding damage from insects,

and in particular from the leaf blister sawfBhylacteophaga The trial was installed on the site 8 months after planting
froggatti Riek (Hymenoptera: Pergidae), was also present in thk October 1998) (Fig. 1). Because of a slight variation in tree
plantation.P. froggatti populations were first detected in lateSpacings along some of the rows at the trial site, the treatments

1998 and increased over the summer and autumn monWge initially applied within an underlying randomised block
of 1999. design. An initial linear mixed-model analysis revealed that the

block effect was negligible. Subsequent analyses therefore

- treated the trial design as completely randomised. The
treatments were applied as a two-way factorial consisting of
350 — weed control (present or absent) and fertiliser application (none,
A — Actual 50 g or 150 g of granular DAP) as the main effects, with 4
B H aoweck replicates of each treatment (24 treatment plots in total) (Fig. 2).
§ w0 — Each treatment plot consisted of 6 rows x 10 trees although the
£, H planied ”‘eas“’emf”/\ actual number of trees per block varied due to mortality (6%
: \ l T\ cesuesmessireme average across the site) during the previous 8 months. A single-
& oot 1 T o \,,.\‘Xmeas“fme”‘ L row untreated buffer strip was provided around each replicate
® o r \“’\/ : \// RN embmed/ *\\ plot.
NI/ /NG
\( L.\ K V \/k‘\N K N\‘\\:
I;JU:‘QS Feb-07 Apr-97 Jun-97 $sp-97 Nov-07 Jan-08 Apr-08 Jun-98 Aug- Nov-98 Jan-99 Mar-9¢ May-09 Aug- Oct-99 Dec-8¢ WCSODAP +WC]'50DAP +WC0DAP WC]'SODAP +WC150DAP +W050DAP
- - wcaoap | wesoap| wesoop| swesuoe swconee
Figure 1.Actual and total monthly rainfall pattern over the trial period
Rainfall data were obtained from the Mallanganee weather stati HICIDAP | AWCEDAP +WCSDAP | WCLSUDAR ICSODAP | ICODAP
5 km NE of the trial site. AICI50DAP AVCODAP | WC150DAP
The occurrence of these insects permitted a look at the effectg [ -WCIDAP |-WC150DAP) -WC50DAP
tree growth of two uncontrolled environmental stresse WCODAP

(waterlogging and insect damage) in combination with tw
silvicultural treatments (weeding and fertilisation). Thes

circumstances enabled us to test our hypothesis that silvicultUeg)re 2. Experimental layout of the treatment blocks in the young
practices that promote tree vigour may assist in reducing thgcalyptus dunniplantation ( +WC and ~WC = presence and absence
deleterious impact on tree growth from stressful factors theftweed control; ODAP, 50DAP and 150DAP = none, 50 g or 150 g of
cannot be easily managed. granular diammonium phosphate). Those treatment plots with a mean
soil wetness score/tree of greater than 2 were categorised as being ‘wet’
- during April 1999 and are shaded grey. Treatment plots with a mean
Materials and methods soil wetness score/tree of less than 2 were categorised as being
relatively ‘dry’ and are unshaded.

Study area and experimental design
Weed control was achieved by spraying Roundup® (360 g

The trial site was part of a young commercil dunnii glyphosate ) and a red vegetable dye with a backpack and
plantation located (28°58'S, 152°41'E, altitude 190 myand in a one meter radius around the base of each tree. The
approximately 40 km southwest of Casino in north-eastern Nénwerbicide was applied under still conditions and no accidental
South Wales. The site is on a drainage plain with soil classifisgray drift onto tree foliage was observed. DAP granules were
as Black Vertosol derived from a mixture of basalt anglaced in slits 10 cm deep and located 30 cm from the base of
sandstone geology (Grant 2001). These soils are heavy textueadh tree. Mean tree height at the time of trial establishment was
with high clay content and with high shrink/swell1l.6 m* 0.32 (meart SE).

characteristics. A soil survey of the district, including four

samples from the trial plantation, revealed that while soll'€€ measurements

nitrogen and phosphorus were not limiting Eordunniigrowth,

the site could not be considered highly fertile (K. MontagJ,- ; )
SFNSW,pers. comm unpublished data). The vegetation prio,ground Whe'n thg treatment.s were applled. Tree heights were
to plantation establishment was predominantly native pastfpgasured five times; at trial establishment (8 months after
used for beef cattle grazing and remnant dry sclerophyll foreBtanting), 6 weeks, 14.5 weeks, 26.5 weeks and 59 weeks after
In late 1997 the area was ripped and mounded at 4-m inten/&fatment application, while tree diameters over bark at 1.3 m

with a 6-disc Savannah plough. Several weeks later, the mouMff{€ measured four times: at 6 weeks, 14.5 weeks, 26.5 weeks
were sprayed with the herbicide Roundup® (3 L haa.i. and 59 weeks after treatment application (Fig. 1). At 1.3 m

glyphosate). Three weeks after that, the mounds were cultivafddht: these diameter measurements were well above the flood
with an offset plough and simazine (5 kg a.i))haas applied water level where stem hypertrophy may have occurred in

as a residual herbicide. In February 1988 dunnii stock €SPOnse to waterlogging (Blake and Reid 1981).
seedlings, approximately 30 cm in height, were planted at a

ree stem diameters were initially measured at 30 cm above
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At the assessment at 26.5 weeks (5-7 April 1999), the inciderisgtistical analysis

and severity of insect damage to tree canopies and the leaf

chlorophyll fluorescence were measured. Incidence refers to fié analyses were done using the using SAS System for
proportion of total crown f0|iage that was damaged Wh||W|ndOWS Version 6.12 (SAS Institute Incorporated 1996, Cary,
severity refers to the extent of damage on each leaf. For fd&, USA). Tree growth response over time to the weed control
incidence of insect damage, ten representative trees, in 2l fertiliser treatments was tested by linear mixed model
approximate left to right diagonal across each treatmedfalysis using the MIXED procedure in which initial stem
replicate, were visually scored over the entire canopy to tH&meter and the soil wetness score were treated as covariates
nearest 10%. The severity of attack (i.e. the average ak&d\S Institute Inc. 1992). Both the repeated measures of actual

affected per leaf amongst those leaves included in the incidefi&e heights and diameters were analysed by this procedure. This
estimate), was scored into one of the following categoriefocedure fits linear models with both fixed and random effects

1=0-3%; 2=3-6%; 3=6-12%; 4=12-25%; 5=25-50%; 6=50and does not rely on the assumption that all observations are
75%; 7=75-95%; 8=>95%. There were two leaf age class@§lependent. Treatments were compared using least-squares
present on the canopies - a class of leaves initiated during fa@ans derived from the mixed-model analysis. Comparisons of
previous spring and early summer and fully mature at the tirfigeans on non-parametric data were tested using the
of assessment, and a much smaller proportion (ranging from ®¥BARIWAY procedure while correlations were examined by
to about 10%) of younger expanding leaves (autumn flush). TB@mputing Spearman correlation coefficients (SAS Institute Inc.
two leaf age classes were assessed separately. Only %A87).

incidence and severity damage scores for mature foliage were

used in this analysis because the most abundant type of darrB&‘@UltS

was that caused by the leaf blister sawRyffoggatt) and this . ]

was restricted to mature foliage. Plantation flooding

Measurements of the chlorophyll fluorescence parametfﬂ‘e soil wetness scores assessed at the base of all trees in April
Fv/Fm, were obtained from 20 randomly-selected mature leavksd® were used to compare the spatial distribution of the
per crown from two trees representative of the ten trees asses8&jively dry areas compared to the relatively wet areas with
for insect damage, using a portable chlorophyll fluoromet&gspect Fo the treatments. Those treatment replicates with a
(Fluorescence Induction Monitor; Fim 1500; ADC, Hertshird€an sqll wetness pategory score of 2 or greater were classed as
UK) during the mid-morning hours of 5-7 April 1999. A single‘wet’ while those Wl.th a mean category'score less than 2 were
leaf clip was placed on each leaf for 15 minutes dark adaptatidassed as ‘dry’ (Fig. 2). Half the replicates were classed as
before recording the Fv/Fm values. While insects may habging relatively wet, and all six treatments had at least one
damaged many of the twenty leaves selected per tree, the cifidicate in this category. Overall the soil wetness category
were placed on non-necrotic leaf tissue only. The weath@fOré was not significantly different between treatments
conditions at the time of the fluorescence measurements wefguskal-Wallis testx* = 6.63, d.f. = 5P = 0.250). Overall,

similar on all three days, clear and mild (range 17°C to zzoc)t_)oth stem diameter angl tree height increments were highly
negatively correlated with the soil wetness scores obtained

Knowledge of the pre- and post-treatment nutrient status @fring the 26.5- and 59-week measurements (Fig~10.0001
foliage in this trial would have been very desirable, bder each Spearman rank correlation coefficient). During the

unfortunately leaf nutrient analysis was not undertaken. period between these two measurements overall mean wetness
category score decreased from 2:660.04 to 1.81+ 0.02
Soil moisture conditions ( =SE).

Soil moisture conditions were good at the time of planting, ar@rowth response to treatments

precipitation in the following winter close to average (April —

July 1998; Fig. 1). During the first three months of 199d30th the two model covariates, initial tree diameter (obtained at
however, rainfall was above average. The local plantatidfee age 8 months) and the soil wetness score (obtained in April
officer (P. Shoebridge, SFNSW, Casino Region) observed tH&99), significantly influenced tree height and diameter (Tables
by March 1999, water was draining from the surrounding hills and 2). After adjusting for the effects of the two covariates, the
onto the plain causing surface water to appear within tia@alysis indicated that both weed control and DAP had a
plantation and trial site. By the 26.5 week measurement (5 Apgignificant effect on tree diameter over the four measurement
1999) rainfall was below average but surface water was sf#eriods (Table 1). The effect of weed control was more
present to a varying degree within the plantation. A simple indéjgnificant than that of DAP application on stem diamefer (
reflecting the degree of waterlogging around each tree w@$002 and® = 0.0199, respectively; Table 1). Tree height was
devised in the absence of instrumentation or resources &80 significantly influenced by weed control and application of
gravimetric determination of soil moisture content. Thi®AP fertiliser, but the response was not as marked as it was for
involved a visual estimate of surface soil wetness around tédi@meter (Table 2). Once again, the effect of weed control was
base of every tree in the trial during the 26.5- and 59-week ti@@re significant than that of the DAP applicatidh= 0.0142
measurements (5 April 1999 and 20 October 1999). Soil wetn&¥l P = 0.0651, respectively; Table 2). The highly significant
was scored into one of four categories: 1 = surface soil aroufiteractions with the repeated measures term (Tables 1 and 2)
base of tree dry; 2 = surface soil around base of the tree dai®gulted from a nonlinear growth response over time, the larger
but firm to tread on; 3 = surface soil around base of tree wet df@es growing faster than the smaller trees.

soft to tread on; and 4 = surface water present around base of

tree.
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Table 1. Linear mixed-model analysis of tree diameter response over
time after post-establishment weed control and fertiliser application to s :
a youngEucalyptus dunniplantation. Tree diameters were measured Tree hagme omy ™
at 0.3 m when the treatments were applied, and subsequently at 1.8 m 1
four times: 6, 14.5, 26.5 and 59 weeks later. :
Numerator Denominator . F value 5 4

Fixed terms df. df. (Type Ity P §
Soil wetness score (tree covariate) 1 3516 1328 0.0001 g 3
Initial diameter (tree covariate) 1 3516 17347 0.0001 z
Weed control 1 14 28 0.0002 H
Fertliser 2 14 5.25 0.0199 8]
Weed control x fertiliser 2 14 121 0.3266 -
Repeated measures of tree diameter ( 4 times) 3 51 436.1 0.0001 4
Weed control x repeated measures 3 51 10.19 0.0001
Fertiliser x repeated measures 6 51 321 0.0095
Weed control x fertiliser x repeated measures 6 51 0.46 0.8367 [

+WCODAP +WC50DAP +WC150DAP -WCODAP -WC50DAP -WC150DAP
Random terms Covariance component estimates

Block x weed control x fertiser 01454 Figure 3. A comparison between treatments (+WC and -WC =
Block x weed control  fertiliser x repeated measures 0.0694 presence and absence of weed control; ODAP, 50DAP and 150DAP =
Block x weed control x fertiiser x tree 0.3082 none, 50 g or 150 g of granular diammonium phosphate) of mean stem
Residual 0.2311 diameter increments (DBH at 1.3 m, cm) (11 November 1998 — 20

October 1999) and tree height increments (m) (1 October 1998 — 20
October 1999) ofEucalyptus dunniplanted in February 1998 and
treated in October 1998. Means are least-squares means derived from

. . . ) _ the linear mixed model; vertical bars = 95% confidence levels
Table 2.Linear mixed-model analysis of tree height response over time

after post-establishment weed control and fertiliser application toree mortality (percent dead trees per plot) was significantly
youngEucalyptus dunniplantation. Tree heights were measured fivecorrelated with the mean soil wetness scores and this
tlmc;asé,s;mnalllzl v;/hen the treatments were applied and then 6, 14.5, 268 1i0nship strengthened over time (comparing Spearman rank
ter. . . .
an weeks fater correlation coefficients? increased from 0.05 to 0.01, n=24). In
contrast with tree growth responses, there was no significant

Numerator  Denominator. F value effect of weed control or DAP on tree mortality. For example,

Fixed terms df df( Type II) P mean percent mortality was not significantly different between
Sl wetness score (e covaie) . 5 6106 00001 treat.ments 2at the 26.5 week measurement (Fig. 1,. Kruskal-
Initial diameter (tree covariate) 1 4725 900.99 0.0001 Wallis test,x* = 5.02, d.f. = 5P = 0.41). Mean tree mortality per
Weed control ! 7 7.48 00142 treatment rose to 18.0% 2.4% ( SE) by the 14.5 week
Fertiizer 2 17 32 0.0651 ; ; :
Weed contol x fertlise ) . 5 0224 measurement, by' which time the plantation had become
Repeated measures of tree diameter ( 4 times) 3 68 67959 0.0001 waterlogged, and increased to 23%2.6% by the 59-week
Weed control x repeated measures 3 68 2.70 0.0375 measurement.
Fertiliser x repeated measures 6 68 1.69 01163
Weed control x fertili ted 6 68 0.93 0.4976 .
eq contc] xeriserx repeated measures Tree growth increment and chlorophyll fluorescence

Random terms Covariance component estimates . ) . .

It was observed that many of tBe dunniicanopies standing in

Block x weed controlx ertiser 0.00421 waterlogged soil had purplish red foliage, both mature and
Block x weed control  fertiliser x repeated measures 0.0313 . . .
Block x weed control x fetiiser x e 00925 immature leaf classes being discoloured. If a tree selected for
Residual 03097 chlorophyll fluorescence measurements possessed this type of

foliage, purplish red mature leaves were included in the

assessment, although measurements were not taken directly
The treatment means for tree diameter (Ismeans with 95#@m necrotic tissue damaged by insects.
confidence intervals) presented in Figure 3 show that responses o )
to all three weed control treatments (+WCODAP, +WC50DABR,here were several significant correlations between tree growth,
+WC150DAP) were significantly greater than those to the il wetness, tree stress as measured chlorophyll fluorescence
weed control and ODAP and 50DAP treatments, but not so wh@Rean canopy Fv/Fm) and insect damage during the period of
150DAP was applied (-WC150DAP). While there appears to @@ove-_average rainfall (during the period of inundation of the
no significant benefit of fertiliser application within the weedlantation) (Table 3). Chlorophyll fluorescence measurements
control treatments, the application of 150 DAP in the absenceW¢re significantly negatively correlated with the soil wetness
weed control produced a significant improvement in tregcore. Both tree dla_meter and height increment were negatively
diameter. Mean tree heights in all three weed control treatmeRg§Telated to the soil wetness score and positively correlated to
were significantly greater than in the absence of both weli§e Stress as measured by Fv/Fm. These two relationships
control and fertiliser application, but not when either 50 GiPPear to be stronger for tree height increment than tree
150 g DAP/tree was applied (Fig. 3). Both stem diameter afimeter increment.
tree height increments were highly negatively correlated wi
the soil wetness scores obtained during the 26.5- and 59-w
measurements>(= 0.0001 for each Spearman rank correlatio
coefficient).

é%%e growth increment and insect damage

%he dominant foliage-damaging insect present in the young
E. dunnii plantation during the 1998/99 summer was
Phylacteophaga froggatti. P. froggattarvae form irregular
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Table 3. Correlation matrix based on Spearman rank-correlatiomhe underlying reasons for the observed spatial variation in

coefficients between tree height and diameter increments (13 Janugdlative extent of soil waterlogging (e.g. possible variations in
1999-5 April 1999), and soil wetness score, mean tree stre,

(chlorophyll fluorescence) and canopy insect damage (both assessgé%é)e .Or subsoil density affecting Ipcal hdralr;]age)ﬁ Weref nr?t
April 1999) across the two-way factorial treatments of weed contréﬂ‘veSt_'gated- However, our assumption that the effect of the
and fertiliser application resulting waterlogging was a significant stressful factor on

youngE. dunniigrowth was confirmed in our results (Tables 1,
Diameter Height Soil wetness ~ Chlorophyll  Incidence of 2 anq 3) Waterlogglng beyonq a certain p.OIr.]t SU‘ESSG.S pIants by
increment increment  score fluorescence  insectdamage ~ depriving roots of atmospheric oxygen within the rhizosphere
(mean Fv/Fm) . . .
(Kozlowski 1984), and in the absence of oxygen roots die and

Height ncrement 010 decay (Drew 1983). This anaerobiosis can also lead to an

Sol wetness score 0507085 increase in leaf abscission, especially of older leaves (Ladiges
Chlorophyll fluorescence 0,55+ 0,607 058+ and Kelso 1977). These factors reduce growth rates and could
(mean FylFm) explain the significant mortality and reduction in growth rates
Incidence of insect damage 043 041+ 010ns 02018 observed in response to waterlogging in this trial.

Severity of insect d -0.51%+* -0.31* 0.30* -0.24 0.58** . . . .
ey o seE demage " Under the prevailing conditions (Fig. 2) neither treatments of

weed competition and fertiliser application (diammonium
phosphate) alleviated the impact of flooding on tree mortality
brown blisters on the upper surface of mature leaves. HigHt they did partially offset the effect of flooding on the growth
infestation levels were also observed in ottier dunnii  fateés of surviving trees. Trees with both weed control and
plantations throughout the district. Leaf chewing damage Bﬁrtiliser application tended to be significantly larger than trees
chrysomelid species (Coleoptera) and tip-feedingAmorbus ~ Without such treatments. Tree growth response was greater for

species (Coreidae: Hemiptera) were also present but at a m@i§gd control than fertiliser application. Response to the
lower incidence. fertiliser application was less distinct and in absence of

appropriate nutrient analyses of the soil and foliage, the results
Both the levels of mean incidence and severity of insect damaajé difficult to interpret, especially with respect to the influence
were significantly different between the six silviculturalof waterlogging. Leaching of N may have resulted from the
treatments (Kruskal-Wallis test, for incidengé= 20.4, d.f.=5, waterlogging. Alternatively the anaerobic soil conditions may
P = 0.001, n = 240 trees; for severig},= 27.9, d.f. = 5P = have directly interfered with P uptake or induced Mn toxicity
0.0001, n = 240 trees). In both cases, the significant differen@well et al 1999). Other studies have demonstrated that the
arose not from fertiliser application but from the presence benefits of fertilisation under waterlogging conditions can vary
absence of weed control. The mean incidence of damage for de®ending on the plant species and local environmental
three treatments with weed control was 78%.2 (meant SE, conditions. For example, young wheat plants raised under
n=120 trees) while for three treatments without weed controldenditions that encouraged a high nitrogen status before an
was 96%:+ 3.2 (n=120 trees). Similarly, for severity of attackanaerobic treatment to the roots were shown to be less
the scores were 78 0.20 versus 8.8 0.24. susceptible to injury and growth inhibition than nutrient-

impoverished plants (Trought and Drew 1981). Hekal
When tree growth was examined after pooling all trees, both983) demonstrated experimentally that under anaerobiosis,
diameter and height increments were negatively correlatedtb@ application of phosphorus improved the growth of potted
both incidence and severity of insect damage (Table 3). Tho®lolly seedlings but not swamp tupelo seedlings.
there was more leaf blister sawfly damage on the smaller, slowtecomparison of Tables 1 and 2 also reveals that stem diameter
growing trees. Trees that were more stressed according to ghewth appeared more responsive to the two silvicultural
chlorophyll fluorescence readings also had higher levels wéatments compared to tree height. This probably reflects the
insect damage but the correlation was not significant. Tlgeeater sensitivity of tree height to overall site quality.
severity of insect damage (e.qg. relative density of sawfly larval
mines per leaf) was significantly correlated to the soil wetneB¢tection of stress in younde. dunnii

score, whereas the incidence of damage was not significantl
V\X]ile eucalypts are well adapted to cope with diurnal

*P < 0.05; **P < 0.01; ** P < 0,001; ns not significant; n = 48

correlated.
fluctuations in temperature and light intensity, especially in their
Discussion natural locations, through mechanisms such as regulated
photoinhibition (Ogren and Evan 1992), many environmental
Tree growth response stresses may permanently damage this function. Detailed insight

into the photosynthetic functioning requires repeated diurnal
The initial objective of this trial was to assess the potentiahd seasonal measures of Fv/IFm and other chlorophyll
benefits of post-establishment weed control and nutriefiiorescence parameters in order to differentiate between
addition (as DAP) on early growth rates, and on levels of folimermanent damage and temporary reduction in photochemical
damage due to insect attack. Inundation of the y@&irdunnii  efficiency (Longet al. 1994; Mohammesdt al. 1995). However,
plantation during the second summer after planting (about thitbe approach taken in this study may be suitable for obtaining a
months after weed control and fertiliser treatments were carrigpid quantitative measure of relative tree stress in young
out) added a major uncontrolled factor to the trial. This eveaticalypts.
provided an opportunity to examine the cumulative direct
effects of, and interactions between, several stresses (controllé¢ purplish red foliar colouration of many of t&e dunnii
and uncontrolled) on tree growth. trees located in neighbouring low-lying areas or in the ‘wet’
areas within the trial site were the visual symptoms of these
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stressed trees. Anthocyanins are responsible for the red to puBpléoggattiwas greater on the smaller trees than on the larger,
colouration of eucalypt leaves (Sharma and Crowden 19749ss stressed trees.

While this discolouration has been observed for other species of

eucalypts subjected to waterlogging (Ladiges and Kelso 199Pjantation stress management

both P deficiency and Mn toxicity are known to enhance . ) . )

anthocyanin production (Atwedit al 1999). Closet al (2000) !N this trial the youngE. dunnii were subjected to several
demonstrated a relationship between seedling growth resporfs/rces of variable stresses including waterlogging, nutrient
cold-induced reduction of photochemical efficiency adeficiency and insect attack. Flooding and insect attack were

measured by Fv/Fm, and concentration of anthocyanin pigmeH&o_redicted and un_c_ontrolled. However, the _stressfl_JI_fac'Fors
in seedling E. nitens (Deanne & Maiden) Maiden and &1Sing from competition from weeds and nutrient deficiencies

E. globulusLabill. The production of anthocyanin pigmentsCa" be managed. The alleviation of one stress may reduce the
ential impact of other stresses on plantation performance.

may, therefore, be a generic physiological response of meﬁ%| ‘ _ i
eucalypt species to impairment of the photosynthetic apparafdd'ers (Norris 1988; Browning 1998) have advocated the

caused from a wide range of environmental factors. concept of managing plantation health through tree stress
management. Rather than focusing on a single specific stress

Leaf blister sawfly (e.g. insect herbivory or moisture stress), plantation
management requires a holistic multi-disciplinary approach
In addition to observing the purple discolouration of foliagéStone and Clarke 1998).
associated with waterlogging, we also assessed the level of
brown necrosis caused by the leaf blister sawfly larvahe heavy-textured, poor draining soil at the study site is
(P. froggatt) on a subsample of trees. Many studies havélatively common for many of the ex-pasture sites available for
demonstrated increased levels of insect herbivore on plaftsalypt plantation establishment in the Casino region (Grant
growing under stressful conditions (e.g. Larsson and Ten&®01), and appears to be quite different from soils characteristic
1984; White 1984: Hixet al 1987; Stone and Bacon 1994:0f sites whereE. dunniioccurs naturally (Bolandt al 1984).
Cobbet al 1997), although there is still much debate in th&his may have been the major pre-disposing stressful factor
literature associated with the outcomes of plant stress and ing&¥tributing to the high incidence of tree mortality after
herbivore (e.g. Larsson 1989; Waring and Cobb 1989; Jones &t¢ndation. Intensive site preparation, such as mounding and
Coleman 1991; Price 1991; Korichestal 1998). Silvicultural adding drainage lines, can improve soil drainage, structure and
treatments intended to alleviate host tree stress and improve g@gation (Shepard 1986). This study also demonstrated that post-
vigour may also directly influence herbivorous insecgstablishment silvicultural practices such as weed control and
populations either positively or negatively. A positive influencéertiliser application may assist in reducing stresses arising from
may be generated, for example, through an improvement in fo®éP-optimal site selection.

quality following N fertilisation, or through loss of habitat

preferred by the enemy complex following weed contrd many regions of Australia, eucalypt plantations are being
(Nowak and Berisford 2000; St al 2000). established on sites that have little or no tree performance data

for the species being planted. Several species trials are planned
In this study, however, while tree stress (mean canopy Fv/Ff) establishment in the Casino region, including non-eucalypt
was not strongly correlated overall with insect damage on tfa, in spring 2001. Ideally, extensive taxon trialling should be
canopy, there was an indirect relationship between the slovg&fried out at least 5 years prior to widespread plantation
growing trees and level of insect damage. Overall tHstablishment in a region with no prior data on taxon
relationships studied indicated a complex set of interactioR§rformance. In practice, this opportunity does not exist and
between site factors restricting growth, insect damage af@st guess’ species/site matching has to take place. Applying
physiological stress levels. Insect damage from the leaf blistBiensive management practices known to promote tree vigour
sawfly P. froggattj in particular, was negatively correlated withcould reduce the risk of plantation failure or poor growth. Once
tree size; smaller trees had higher levels of insect damage. Thiz@wledge of the site characteristics and associated tree growth
is, the proportion of tree crown damaged from leaf-blistéd’€ obtained these practices can be tailored to improve cost
sawfly larvae was greater on the smaller trees. It is also the cafgiency.
that trees standing in waterlogged soil were smaller- though
weed control on the trial site, and to a lesser degree fertiliipknowmdgmentS
application, significantly improved tree growth. In this study we
did not determine whether the silvicultural treatments directfy@ul Brennan and Karen Faunt (SFNSW) developed the
altered the physiological / nutritional suitability or resistance dfitial design of this trial and I. Barchia (NSW Department
the host plant or produced changes to the microclimafff Agdriculture) provided biometrical advice. We thank
conditions close to the tree canopies (White 1984; Larssbh Johnson, D. Gibbons and D. Waterson for their field
1989; Jones and Coleman 1991; Price 1991). For example, @&iStance. Comments provided by Drs C. Beadle (CSIRO), T.
weeds might change the microclimatic conditions restricting difarke (Griffith University) and P. Brennan (SFNSW) were
movement through the canopy (Altieri 198Bhylacteophaga m_u_ch appremated: State Forests of NSW Hardwood Plantations
froggatti may have a preference for sheltered conditions afjVision funded this study.
hence attain higher population levels on trees surrounded by
weeds (Thumlert and Austin 1994; M. Pisasale, Murray
Irrigation Ltd, Wakool, NSW, unpublished data). While we were
unable to separate the individual growth and stress responses to
explain the underlying mechanisms linking these multi-trophic
relationships, the results do show that canopy damage from
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