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ABSTRACT

The genotypic variation of two commonly planted Pseudotsuga menziesii
(Mirb.) Franco (Douglas fir) provenances (Ashley strain (Seedlot 93-273) referred
to as 93 and Tramway strain (i.e., Beaumont strain) (Seedlot 98-514) referred to as
98) was investigated in growth and physiological responses of the seedlings to
nitrogen (N) supply levels(40and 100mg N/litre) insand culturein aglasshouse. The
growth of Douglasfir seedlingswasgreater at 100 mg applied N/litre (high nitrogen)
than 40 mg applied N/litre (low nitrogen). The high nitrogen supply treatment
increased seedling growth rateand caused morebiomassto beall ocated to the shoots.
Increased uptake rate of nitrogen and other nutrients (per unit mass of roots),
increased percentage alocation of the nutrients to shoots, and enhanced net
photosynthesis in needles were observed with high nitrogen supply.

Therewerevery significant provenancedifferencesin most measured parameters
and significant nitrogen x provenance interactionsin some parameters. Provenance
93 showed better growth than Provenance 98 at both nitrogen levels, with alarger
difference in growth between the two provenances at the low nitrogen supply.
Differences in response of the two provenances to nitrogen treatment levels were
relatedtotheratio of needlestowhol e-plant dry weight, nitrogen productivity, uptake
rateand allocation of nitrogen and other nutrients, but unrel ated to the photosynthetic
rate per unit leaf area. Provenance 93 had agreater ratio of needletowhole-plant dry
weight, nitrogen productivity, uptake rate of nitrogen and other nutrients, and
allocated greater proportions of absorbed nutrientsto shoots for photosynthesis and
new growth, which sustained a greater growth rate in Provenance 93, especially in
the shoot. Among the growth parameters measured in this study, the relative growth
rate of seedling height (RGR-Ht), the root/shoot ratio, and the ratio of needle to
whole-plant dry weight seem to be thereliable and simpleindicatorsto discriminate
the provenance difference in response to nitrogen.
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INTRODUCTION

Douglasfir isnativeto the Pacific Northwest of the United Statesand British Columbia,
Canada. Now it iswidely grown in plantations in many other counties. In New Zealand,
Douglasfirisranked asthe second most important plantation tree (M.Belton unpubl. data).

Aswith other plantation species, nitrogen is the key nutrient most commonly limiting
the growth of stands of Douglasfir inits natural range (Gessel et al. 1984). Several major
studies have been carried out in the Pecific Northwest of the United States and British
Columbia, Canada, on the effects of nitrogen fertiliser and thinning on Douglas fir
ecosystems. M ost standsin these areas had agood economic responseto nitrogen fertiliser,
especially on poor soils (Miller & Tarrant 1983; Barclay & Brix 1984; Stegemoeller &
Chappell 1990; Brix 1993; Hopmans & Chappell 1994).

Although large-scale operational application of nitrogen fertilisers to a range of
Douglas fir stands is routine in the Pacific Northwest (Turner 1977; Miller et al. 1988;
Stegemoeller & Chappell 1990; Chappell et al. 1991) and British Columbia (Brix 1991;
Marshall 1991), information on the nitrogen nutrition of Douglas fir, including nitrogen
fertiliser responses in New Zealand, is very limited and inconsistent. Neither pines nor
Douglasfir inthe South Island high country responded to nitrogen, phosphorus(P), sul phur
(9), potassium (K), or magnesium (Mg) fertilisers (Daviset al. 2001). Although therewas
no response by Douglasfir to urea-nitrogen applied in the field at Burnt Face, Douglasfir
seedlingsinagreenhousetrial responded to nitrogen applied asammoniumnitrate provided
that phosphoruswasal so applied (Belton& Davis1986). Itissuggested thatimmobilisation
of urea-nitrogen in soil organic matter may have contributed to the failure of treesin the
fieldtrial to respond to nitrogen (Belton & Davis1986). Mineralisation of theimmobilised
nitrogen may have been limited by phosphorus deficiency, asis suggested by the fact that
nitrogen uptake was increased significantly by superphosphate (Belton & Davis 1986). In
various parts of New Zealand Pinus radiata D.Don is affected by nitrogen, phosphorus,
potassium, magnesium, boron, or copper deficiencies but, except for nitrogen deficiency
on areas denuded of topsoil, no nutrient deficiency isreported as restricting the growth of
Douglas fir stands. Thisis almost certainly because Douglas fir has been planted on the
better, more fertile sites (Will 1978).

Theinconsistent growth responsesof Douglasfir plantation standsto nitrogen fertiliser
seem to be linked to many abiotic and biotic factors (Heilman et al. 1982; Edmonds &
Hsiang 1987; Brix 1991), including provenancevariation. Theimportance of foliar and soil
N:Pratiosand soil C:N ratiosin predicting responsesto nitrogen and phosphorus has been
well documented (Peterson et al. 1984; Mohren et al. 1986; Edmonds & Hsiang 1987;
Gessel et al. 1990; Radwan et al. 1991). However, provenance variation in nitrogen
nutrition of Douglasfir hasnot been properly addressed (van den Driessche & EL -Kassaby
1990/91). A study of the response of Douglas fir provenances to nitrogen supply should
provide an insight into the physiological basis of genotypic variation in nitrogen nutrition
and aso useful information for the management of Douglas fir nitrogen nutrition,
especialy in New Zealand.

In New Zealand, there are three recommended seed sources of Douglas fir (Miller &
Knowles 1994). These are the Californian provenance, the Ashley provenance, and the
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Beaumont provenance. The Californian provenance is characterised by fast growth rate,
especialy at low elevationsor onrelatively sheltered sites. The Ashley provenance, whose
ancestry isbelieved to becoastal Oregon, hasproved vigorousand well adapted over awide
range of sites in New Zealand. The Beaumont provenance, primarily of Washington
ancestry, is recommended as a suitable provenance for exposed, higher elevation sitesin
southern areas (Miller & Knowles 1994). The primary objective of this study was to
determine if genotypic differences existed in growth and physiological responses of
seedlings of two Douglasfir provenances (i.e., Ashley and Beaumont), commonly planted
in New Zealand, to nitrogen supply in sand culture in a glasshouse.

MATERIALS AND METHODS
Treatments and Growth Conditions

This experiment was a factorial combination of two provenances x two nitrogen
concentrations, with sevenreplicates per treatment. The concentrationsof nitrogen applied
as ammonium nitrate (NH4;NO3) were 40 and 100 mg N/litre, representing a limiting
(referredto aslow nitrogen) and an optimum (referred to ashigh nitrogen) nitrogen supply,
based on the work of Ingestad (1971). The ratio of NO3™-N to NH,*-N in the treatment
solutionswas40:60. Douglasfir provenanceswere Ashley strain (Seedlot 93-273) referred
to as 93 and Tramway strain (i.e., Beaumont strain) (Seedlot 98-514) referred to as 98,
which were commonly planted in the South Island of New Zealand.

Uniform 1-year-old bare-root seedlings (ca 11-14 cmin height) were selected from a
commercia nursery, which was not inoculated with forest soil/duff or mycorrhizas. The
selected seedlings were washed clean of soil and planted in PV C pots (12 cm in diameter
and 30 cmin height), each of which wasfilled with 3.80 kg of well-washed fineriver sand
packedto 1.3 g/cm3 dry bulk density. The bases of the potswere drilled with seven equally
distributed holes (7 mm diameter) to facilitate free drainage. The pots were arranged
randomly in aglasshousewherethetemperature ranged from 15to 25°C (daytime), and the
photosynthetic photon flux density (PPFD) from 500 to 850 umol/m?2-s. Therewas a 16-h/
8-h day/night cycle and the pots were re-randomised every 2 weeks.

The seedlings were irrigated with deionised water for the first 2 weeks, with quarter
strength nutrient solution in the third week, with half strength in the fourth week, and with
full strength plusnitrogentreatmentsfromthefifthweek. Thefull strength nutrient solution
was modified from that of Ingestad (1971) without nitrogen and contained 14 mg F/litre,
65 mg K/litre, 7 mg Callitre, 8.5 mg Mg/litre, 10 mg S/litre, 0.7 mg chelated Fe/litre,
0.4 mg Mn/litre, 0.03 mg Zn/litre, 0.03 mg Cu/litre, 0.007 mg Mollitre, 0.2 mg Bllitre,
0.03 mg Cl/litre, 0.003 mg N&/litre, and 0.006 mg Ni/litre. The pH of the nutrient solution
was adjusted to pH 4.9-5.0, and 500 ml of solution were added on each irrigation occasion
as this was sufficient to ensure that all prior nutrients in the soil solution were eluted.
Irrigation with solutions was initially weekly but later twice per week. If necessary, just
sufficient volumes of deionised water were added at intervals between the solution
irrigationsto bringthesandtofield capacity (i.e., just at thepoint of drainagecommencing).

After 6 months, the seedlings were harvested and separated into different parts, which
weredried at 70°C for 72 h in an oven, weighed, and ground for nutrient analysis.
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Measurement and Analytical Methods

Seedling height and basal diameter weremeasured periodically, and thetimewhen each
flush of new needles and shoot growth occurred was recorded. The relative growth rate
(RGR) of seedling height or basal diameter was cal culated as follows (van den Driessche
1992):

RGR=[In(h) —In(h) ]/ (t-t)
where h; istheinitial height (or diameter) at time (t;) and h; isfinal height (or diameter) at
time (t;). The stem volume was cal culated from the following equation (van den Driessche
1992):

Stem volume = (& D4/4)h/3

where hisseedling height, D isbasal diameter, and 1/3 isacalibration factor for stem
volume of the seedlings.

After harvest, the number of first-order branches (emanating from the main stem) was
counted on three positions on the stem. The lower position was the stem length before the
first flush, themiddle position the stem length between thefirst and second flushes, and the
upper positionthestemlength between the second and third flushes. Second-order branches
were present only on first-order branches at the lower position of the main stem.

During the experiment, the net photosynthetic rate of needles for each of the three
flusheswasmeasured at 20°C and alight saturated PPFD of 1000 umol/m2-swithalL [-6400
portable photosynthesis system (Li-Cor, Lincoln, Neb., USA). The surface area of the
needleswasmeasured by using aportableL 1-300 areameter (Li-Cor, Lincoln, Neb., USA).
Two daysbeforeharvest, chlorophyll fluorescence was measured on needlesthat had a20-
min dark adaptation, using a portable chlorophyll fluorometer (PEA Plant Efficiency
Analyser, Hansatech Instrument, Kings Lynn, UK). In al the treatments, four fully
expanded needles were selected from each of first (6 months old), second (4 months old),
and third (0.5 month old) flush needles|ocated on the same (first-order) branch at alower
position on each seedling. Maximum and minimum chlorophyll a fluorescence emissions
(Fy,, and Fp) of the needles were measured. Quantum yield of PSII (photosystem 11), the
amount of electron flow per unit energy absorbed by the photosynthetic apparatus, was
estimated as directly proportional to (F,—Fo)/Fr, (Genty et al. 1989).

The plant samples after harvest were analysed for phosphorus, potassium, calcium,
magnesium, boron, manganese, zinc, iron, copper, and a uminium by | CPspectrophotometry
(Zarcinas 1980) and for nitrogen by LECO CNS-2000. Uptake rates of nutrients (U, wmol
per gramof dry weight of root per day) werecal cul ated asfollows(Ingestad & Agren1988):

_ G R DW;

U= v (eRCR-1) DW=
where C; isthe concentration of the nutrient (ug/g) in the seedling, M the molecular weight
of the nutrient, e the base of natura logarithm, DW; and DWi, the dry weight (g) of the
wholeseedling and roots, and RGRthe mean rel ative growth rate, which was cal cul ated by:

In DWt —In DW,

RGR= —MMM

AT

where DW, is mean initial dry weight (g) of a random selection of 10 seedlings before
treatment, and DW; is mean seedling dry weight at the end of the experiment. Both were
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estimated by destructively sampling the seedlings. AT isthe duration of the experiment in
days. Nitrogen productivity (NP, g/mol -day), auseful measure of the efficiency of nitrogen
use for producing new biomass, was calculated as follows (Ingestad 1979):

NP = RGR/PNC
where RGR is the mean relative growth rate (g/g-day), and PNC the plant nitrogen
concentration (mol/g).

Statistical Analysis

Analyses of variance were conducted to determine the effects of nitrogen, provenance,
and their interactions on plant growth and physiology using the SAS software package.
Duncan’ smultiple range test was used at the 95% probability limit (p < 0.05) to assessthe
differences when the interaction of provenance and nitrogen was significant.

RESULTS
Seedling Growth

Nitrogen and provenance main effects were significant (p < 0.001) for all the growth
parameters (seedling height, height increment, basal diameter, relative growth rate of
height, root/shoot ratio, ratio of needle to whole plant, branch number, and dry weight of
shoot and root), which were greater (except the root/shoot ratio which was less) in
Provenance 93 than 98 and at 100 mg N/litrethan 40 (Table 1, Fig. 1 and 2). The nitrogen
x provenance interactions were significant for relative growth rate of height (RGR-Ht)
(p<0.05), stemvolume (p< 0.05), root/shoot ratio (p < 0.01), ratio of needletowholeplant
(p < 0.01), and the number of first-order branches on the upper position of the stem
(p<0.05). Provenance 93 had a greater RGR-Ht than Provenance 98 at the low level of
nitrogen (40 mg N/litre), but there was no difference between provenances at the higher
level of 100mg N/litre (Fig. 1). Thestem volumesat 40 mg N/litre averaged 43% and 34%
of the stem volumes at 100 mg N/litre in Provenances 93 and 98, respectively (Fig. 1).
Although no significant differences were found between provenances at 100 mg N/litre,
Provenance 98 had asignificantly greater root/shoot ratio and asignificantly lower ratio of
needleto whole-plant (in dry weight) at 40 mg N/litre (Fig. 1). The numbers of first-order
branches on the upper position of the stem were much fewer in Provenance 98 than 93 at
40 mg N/litre— they were equivalent to 30% and 63% of those at 100 mg N/litre (Fig. 2).

TABLE 1-Nitrogen and provenance effect on growth parameters of Douglasfir seedlingsat thetime
of harvest. Values in the same column followed by different letters are significantly

different.
Treatment  Seedling Basal Height Dry weight ()
height diameter increment
(mm) (mm) (mm3) Shoot Root
Nitrogen main effect
40 493 b 83b 355b 195b 86b
100 711a 111a 576 a 431a 106a

Provenance main effect
93 656 a 10.2a 528 a 35.0a 10.2a
98 554 b 9.3b 411b 27.7b 9.1b
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FIG. 1-Effect of nitrogen concentrations (40 and 100 mg N/litre) on (&) relative growthrate, (b) root/
shootratio, () ratio of needleto whole-plant dry weight, and (d) stem volume of two Douglas
fir provenances (D93 and D98) at the time of harvest. Error bars represent 1 S.E.
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FIG. 2—Effect of nitrogen concentrations (40 and 100 mg N/litre) on branch numbers of first and
second order at different positionsof two Douglasfir provenances (D93 and D98) at thetime
of harvest. Error barsrepresent 1 S.E. (1st =first-order branch; 2nd = second-order branch;
LP = lower position; MP = middle position; UP = upper position).

There were three periods of growth (i.e., flush) during the experiment, and the two
provenancesdifferedin flushtime: Provenance 93 flushed 3 days earlier than 98. Nitrogen
treatments had no effect on thetime of flushing, but avery significant influence on branch
numbers at lower, middle, and upper positions (Fig. 2). Except for the first-order lower
position branches, the numbers of brancheswere greater in Provenance 93 than 98, and at
100 mg N/litre than 40 mg N/litre (Fig. 2).

Net Photosynthetic Rate and Quantum Yield of Needles

Therewerenosignificant differencesinnet photosyntheticratebetweentheprovenances
but there were significant differences (p < 0.001) between nitrogen treatments at all the
measurement times. Net photosynthetic rate was greater for the higher nitrogen treatment
in both the first- and second-flush needles (Fig. 3). The light response curves of both the
second- and third-flush needles showed that the differences between the two nitrogen
treatmentsin net photosynthetic rate commenced at about 250 umol/m?2-s PPFD and were
greatest at the light-saturated value of 800-1000 umol/m?-s PPFD (Fig. 4). The net
photosynthetic rate also varied with different needle age when measured on the same day.
Thethird-flush needles, about 10 daysafter emergence, had lower net photosynthetic rates
than the second-flush needles (Table 2).

Themeasurement of thefluorescenceparametersof needlesdid not show any difference
between provenances or nitrogen treatments. Significant differences were found only
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FIG. 3-Effect of nitrogen concentrations (40 and 100 mg N/litre) on net photosynthetic rate
of first and second flush needles of two Douglas fir provenances (D93 and D98).
Error barsrepresent 1 S.E.

among different-age needles. The third-flush needles, the youngest (about 2 weeks old),
had agreater quantum yield than thefirst- (6 months old) and second-flush (4 months ol d)
needles (Table 2).

Nutrient Uptake and Distribution

Thereweresignificant differences (p <0.001) between nitrogen treatmentsfor nutrient
concentrations in needles. Nutrient concentrations, except nitrogen, in needles (Table 3)
were lower at 100 than 40 mg N/litre. There were also significant differences (p < 0.01)
between provenances in the concentrations of some nutrientsin needles (Table 3), but the
concentrations of macronutrients (except for potassium being higher in Provenance 93) in
needles were not significantly different between the two provenances. However, the
concentrationsof micronutrientsand al so sodiumand aluminiumweresignificantly greater
in Provenance 98 than 93 (Table 3). There were significant interactions between nitrogen
and provenanceintheconcentrationsof sodium, boron, copper, iron, and aluminium, which
was due mainly to the greater concentrations of these elements in Provenance 98 at the
lower nitrogen supply. In both provenances, high nitrogen supply increased the nitrogen
concentrations in needles, stems, and roots (Table 4). Concentration of nitrogen was
significantly greater in Provenance 98 than in Provenance 93 for roots, but not for needles
and stems(Table4). Nitrogen productivity wassignificantly greater in Provenance 93 than
in98. Therewassignificantinteractionof nitrogenand provenancewith nitrogen productivity
(Table 4).

Significant differences were al so found between nitrogen treatments (p < 0.0001) and
between provenances (p < 0.001) for the uptakerate of nutrients (Table5). The uptakerate
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FIG. 4-Light response curves of second (a) and third (b) flush needles in two Douglas fir
provenances (D93 and D98), as affected by nitrogen concentrations (40 and 100 mg
N/litre). Error bars represent 1 S.E.

TABLE 2-Net photosynthetic rate and relative quantum yield in different flush needles of Douglas
fir seedlings measured on 7 February 2000. Vaues in the same column followed by
different letters are significantly different (Duncan’s multiple range test, p < 0.05).

Needles Net photosynthetic rate Relative quantum yield
(umol CO/m?-s) (FoFo/Fim)
First flush (oldest) n.d. 0.650 b
Second flush 120a 0.673b
Third flush (youngest) 9.3b 0.766 a

was significantly greater at 100 than at 40 mg N/litre for all the nutrients analysed (some
data not shown in Table 5) and in Provenance 93 than in 98 for most of the nutrients
(Table 5).
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TABLE 4-Tissue nitrogen concentration and plant nitrogen productivity. Valuesin the same column
followed by different letters are significantly different (Duncan’s multiple range test,

p < 0.05).
Provenance Nitrogen Nitrogen concentration (mg/g) Nitrogen
level productivity
(mg/litre) Needle Stem Root  Wholeplant  (g/mol-day)
Nitrogen main effect
40 8.90b 482b 106b 8.45b 19.1a
100 119a 6.02a 130a 10.1a 18.7a
Provenance main effect
93 103a 543a 106b 8.80b 26.0a
98 105a 541a 131la 9.83a 12.0b
Provenance x nitrogen interaction
93 40 870a 485a 921a 7.76 a 27.1a
93 100 11.8a 6.00a 119a 9.83a 245a
98 40 9.10a 478a 119a 9.15a 11.2b
98 100 119a 6.04a 142a 105a 129b

TABLE 5-Nitrogen and provenance effects on the uptake rate of nutrients by Douglas fir seedlings
during the period of experiment. Valuesin the same column followed by different letters
are significantly different (Duncan’s multiple range test, p < 0.05).

Provenance Nitrogen Nutrient uptake rate (umol/g DW of root - day)
level
(mg/litre) N P K Ca Mg Na B Mn

Nitrogen main effect
40 180b 190b 599b 345b 120b 041b 0.07b 0.10b
100 484a 284a 105a 54la 220a 0.71a 015a 0.17a

Provenance main effect
93 38la 276a 998a 496a 185a 074a 0.12a 0.16a
98 30.1b 210b 653b 409b 155a 048b 0.09b 0.11b

Significant nitrogen and provenancemain effects(p < 0.001) and nitrogen x provenance
interactions (p < 0.01) were found for nutrient distribution among different plant parts
(Table 6). Therelative amounts of nutrientsin needleswere larger in Provenance 93 than
98 whilethosein rootswere smaller in Provenance 93 than 98 (Table 6). Compared to the
high nitrogen supply, agreater proportion of the nutrientswasretained in roots at thelower
nitrogen supply and therefore a smaller proportion was allocated to needles at the lower
nitrogen supply in both provenances. These effectswere most pronounced for al nutrients
inProvenance98, whichresultedin significantinteractionsbetween nitrogen and provenance
(Table 6).

DISCUSSION

Thisstudy clearly demonstrated that, under glasshouse conditions, nitrogen treatments
accounted for most of the variation in the measured parameters, with the provenance
component being the next largest cause of variation. The interaction of nitrogen x
provenance was relatively smaller, but significant for some parameters.
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TABLE 6-Percentage distribution of nutrient contentsin roots and needles of Douglasfir seedlings
at the time of harvest, as affected by nitrogen, provenance, and nitrogen x provenance
interaction. Values in the same column followed by different letters are significantly
different (Duncan’s multiple range test, p < 0.05).

Proven- Nitrogen
ance level N P K Mg Na B Zn Mn
(mgl/litre)

Percentage nutrient distribution in roots*
Nitrogen main effect
40 55a 54 a 3Va 52 a 74 a 40 a 54 a 37a
100 36b 39b 19b 38b 64b 31b 42b 25b
Provenance main effect
93 37b 38b 20b 40b 63b 29b 40b 23b
98 53a 54 a 38a 50a 75a 42a 56 a 38a
Provenance x nitrogen interaction
93 40 43b 40b 25b 44 b 65b 32b 41b 25b
98 40 67 a 67 a 54a 60 a 82a 49a 66 a 48a
93 100 32c 36b 15b 36b 61b 27b 38b 20b
98 100 40bc 41b 22b 31lb 68 b 35b 46 b 29b

Percentage nutrient distribution in needlest
Nitrogen main effect
40 28b 28b 30b 25b 12b 36b 19b 38b
100 43 a 35a 41a 34 a 16a 3a 24 a 50a
Provenance main effect
93 42 a 37a 42 a 3Ha 17a 43 a 25a 52 a
98 39b 25b 29b 24b 11b 32b 17b 37b
Provenance x nitrogen interaction
93 40 3Da 3Va 41 a 34a 17a 45a 27a 50a
98 40 18b 17b 18b 11b 8b 27b 11b 26b
93 100 46 a 36a 42 a 36a 18a 41a 24 a 53a
98 100 41a 34a 40 a 32a 15a 38a 24 a 48 a

* Calculated as (nutrient contents in roots / total nutrient contents in whole seedlings) x 100
1 Calculated as (nutrient contents in needles/ total nutrient contents in whole seedlings) x 100

Effect of Nitrogen on Growth and Physiology of
Douglas Fir Seedlings

Nitrogen treatments had alarge effect on growth, nutrient uptake, and distribution, and
the physiological parametersmeasured in thisstudy. More biomasswas produced fromthe
seedlingsat high nitrogen supply duetoimproved nutrition and enhanced net photosynthesis.
Increasing nitrogen supply enhanced total plant growth. Shoot growth, however, was
stimulated more than root growth, leading to alower root/shoot ratio than that produced
with alower nitrogen supply. Nutrient status of the growing medium affects partitioning
of biomass (Clarkson & Hanson 1980) and nitrogen influencesthe growth primarily of |eaf
area(Ingestad & Lund 1979). Inthisstudy, theroot to shoot ratio in both provenanceswas
relatedinversely tothelevel of nitrogen supply, which agreeswiththepreviousobservations
made on other tree species(Ingestad 1979; Walters& Reich 1989; Sunetal. 2001). Greater
growth of the seedlingsat high nitrogen supply increased nutrient uptake, but decreased the
concentration of nutrients (except nitrogen) asaresult of dilution. Therewasno significant
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difference between nitrogen treatments for nitrogen productivity, which suggests the low
nitrogen treatment wasnot low enough to cause severe nitrogen deficiency inthe seedlings.
In this study, the concentrations of nutrients (except potassium and boron) in the needles
at high nitrogen treatment were a little bit lower than the critical levels of nutrients
(12.5g N/kg, 1.6 g P/kg, 6.0 g K/kg, 2.5 g Calkg, 1.7 g Mg/kg, and 20 mg B/kg) derived
from pot-grown Douglasfir seedlings(Walker & Gessel 1991). Thisisbecausein our study
river sand wasused aspot material and the nutrient solution wasirrigated and freedraining.
Walker & Gessel’s (1991) critical levels of nutrients, however, may be too high for New
Zealand conditionsthough originally areasonable starting point (Tim Payn pers. comm.).

The increased net photosynthetic rate with increasing nitrogen supply reflects the
structural and functional rolesof nitrogen inthe photosynthetic apparatus. Inthisstudy, the
lack of difference between the two nitrogen treatments in quantum yield of PSII, i.e., the
electrons transferred per quantum of light absorbed by chlorophyll as estimated from
fluorescence parameters (Genty et al. 1989), impliesthat thelower nitrogen supply did not
have an adverse effect on photochemical processes of chlorophyll. Therefore, the reduced
net photosynthetic rate in the needles at the lower nitrogen supply was probably dueto the
limitation of enzymatic processes in photosynthesis. Rubisco is a rate-limiting factor for
potential photosynthesis in plants under the present atmospheric air conditions. Needle
content of Rubisco-nitrogenispositively rel ated to nitrogen content per unit area. However,
Rubiscofunctionsincreasingly asastorageproteininadditiontoitscatal ytic functionswith
increasing nitrogen content per unit area (Warren et al. 2003). Ripullone et al. (2003)
reported that nitrogen supply significantly affected nitrogen content per unit area in
Douglasfir and Populus x euroamericana (Dole) Guinier, and in both speciesthere were
positive correl ations between nitrogen content per unit areaand chlorophyll concentration,
and between nitrogen content per unit areaand light-saturated photosynthesi sand maximum
carboxylation. The net photosynthetic ratein thethird-flush needles (the youngest) did not
achievethesamelevel asinthesecond-flush needl es, which may beduetothephysiological
immaturity of those needles. In contrast, the quantumyield of PSI1 wasgreater inthethird-
flush needles. Thisindicates that those photons that were absorbed by the photosynthetic
apparatusin the younger needles were used more efficiently.

Provenance Difference in Response to Nitrogen

Inthisstudy, Provenance 93 consistently had greater growth than Provenance 98 at both
nitrogen levels, which may reflect genetic adaptation of the two provenances to the
different environments prevailing in the natural habitats. Provenance 93 or the Ashley
strain is believed to originate from coastal Oregon and has proved vigorous and well
adapted over awiderange of sitesin New Zealand (Miller & Knowles 1994). Provenance
98 or the Tramway strain (i.e., Beaumont strain), is primarily of Washington ancestry and
is recommended as a suitable strain for exposed, higher elevation sites in southern areas
(Miller & Knowles1994). Provenances originating from the coastal fog-areaof California
and Oregon are generally more vigorous and faster-growing (Miller & Knowles 1994).
Plant species characteristic of favourable (e.g., nutrient-rich) environments often have
greater maximum relative growth rates (RGR) than do speciesfrom lessfavourable (e.g.,
nutrient-poor) environments (Lambers et al. 1998). The physiological basis and exact
mechanisms for genetic variation in RGR are not fully understood. However, it is well
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documented that ahigh RGR isassociated with ahigh leaf arearatio, or net assimilaterate,
or high nutrient concentration, or nutrient productivity (Lambers et al. 1998). When
comparing more-productive cultivars of tree species with less-productive ones, leaf area
ratio, rather than photosynthesis (per unit leaf area), is the main factor that accounts for
variation in RGR (Ceulemans 1989). Analysis of the correlation RGR with plant traits
suggeststhat leaf arearatioisthekey trait becauseit enablesthe plant to expose alarge | eaf
areato light and carbon dioxideper givenbiomassinvestedinleaves(Lamberset al. 1998).
Although the leaf arearatio was not measured in this study, the greater ratio of needleto
whole-plant dry weight in Provenance 93 than 98 (Fig. 1) to some extent accounted for the
difference between the two provenancesin growth. In this study, the photosynthesis (per
unit leaf area) was not significantly different between the two provenances that showed
considerable difference in growth, which implies that photosynthetic rate (per unit leaf
area) was not the major cause for the difference between the two provenances in growth.
This agreeswith the previous study that rate of photosynthesis per unit leaf areashowsno
correlation with RGR among closely related taxa or among morphologically similar taxa
(Lambers & Poorter 1992). In this study, it was not clear if earlier flush time and more
branches in Provenance 93 contributed to the greater growth in this provenance. Further
study isneeded to investigate therel ationship between flush time or branch number and the
rate of leaf elongation and leaf appearance. It has been reported that the greater RGR and
leaf arearatio of fast-growing grass speciesisassociated with amore rapid leaf appearance
and elongation (Groeneveld & Bergkotte 1996).

The genotypic variation between Provenances 93 and 98 in growth was al so related to
their nitrogen productivity (Table 4), uptake rate of nutrients per unit root mass (Table5),
and nutrient distribution within plants (Table 6). Provenance 93 had greater nitrogen
productivity and uptake rate of nitrogen and other nutrients. It also allocated greater
proportions of absorbed nutrients to shoots for photosynthesis and new growth. All those
sustained a greater growth rate in Provenance 93, especially in the shoot. Nutrient
productivity isauseful measure of the efficiency of nutrient usein producing new biomass
(Ingestad 1979). It has been reported that greater nitrogen productivity is associated with
rapid growth, arelatively largeinvestment of nitrogenin photosynthetictissue, efficient use
of the nitrogen invested in the leavesfor the process of photosynthesis, and relatively low
carbon usein respiration (Garnier et al. 1995; Poorter et al. 1990). Variation in nitrogen
requirement and nutrient productivity depends much more on the balance between
reguirements for protein synthesis for new growth and nitrogen storage (Lambers et al.
1998). In this study, Provenance 98 had greater concentration of nitrogen in whole
seedlings, especialy in roots (Table 4), but slower growth and less dry weight than
Provenance 93. Thisimpliesthat Provenance 98 might have higher nitrogen requirement.
However, further study isneeded toinvestigatethedifferencebetweenthetwo provenances
incritical concentration of nitrogen for shoot and root growth. A study of physiological and
biochemical mechanisms at cellular and molecular levels, which could be under genetic
control, should provideinsight for the difference between the two provenancesin nitrogen
requirement. Greater uptake rate of nutrients per unit root mass is another plant trait
associatedwithrapid growth (Lambers& Poorter 1992), whichwasconfirmed by thisstudy
(Table5). Inaddition, fast-growing speciesallocaterel atively moretotheir leaves, interms
of both biomassand nitrogen (Lamberset al. 1998; Hawkinset al. 1999). Our resultswere
in agreement with their report (Fig. 1 and Table 6). In this study, the seedlings of two
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provenances were not inoculated with forest soil/duff or mycorrhizal spores and no
significant colonisation of mycorrhizaswasfound in roots of either provenance at harvest.
Therefore, the provenance difference in growth and nitrogen nutrition should not bedueto
mycorrhizal development.

Provenance interaction with nitrogen treatments was observed in this study for some
growth and physiological parameters(Fig. 1 and 2, Tables 3, 4, and 6), suggesting that one
provenance may have performed relatively better at one nitrogen level than another. The
interactionswereduemainly to greater differencesin growth (especially of shoot) between
provenancesat thelow nitrogen supply. Provenance 98 retained more nutrientsin theroots
than Provenance 93 did, and alocated smaller amounts of the nutrients to needles,
especialy at thelow nitrogen supply. Thismay be responsible for more severe inhibition
of shoot growth than root growth in Provenance 98 at the low nitrogen treatment, which
resulted in amuch greater root/shoot ratio and a significant increase in the concentration
of somemicronutrientsinthe needlesof thisprovenance (Table3). Thedifferent responses
of the two provenances to nitrogen levels were related to nitrogen productivity, and the
distribution of nitrogen and other nutrients within plants, as well astheratio of needle to
whole-plant dry weight. It has been reported that differences in response of Douglas fir
familiesto nitrogen and phosphorus treatment level s were rel ated to nutrient productivity
(van den Driessche & El-Kassaby 1990/1991).

Among the growth parameters measured in this study, the relative growth rates of
seedling height (RGR-HTt), the root/shoot ratio, and theratio of needlesto whole-plant dry
weight seem to be the reliable and simple indicators for discriminating the provenance
difference in response to nitrogen. The percentage nitrogen distribution in the plant parts
was agood indicator too, although it may be costly to useit in practice dueto the analysis
of this nutrient for all plant parts.

CONCLUSIONS

Nitrogen had a large effect on the growth and nutrition of Douglas fir seedlings.
Provenance 93 grew better at both nitrogen levels, and thiswas associated with the greater
ratio of needles to whole-plant dry weight, nitrogen productivity and uptake rate of
nutrients, and the ability to allocate a greater proportion of the dry matter and nutrientsto
the shoots.

Implications for Management

It was concluded from this study that Provenance 93 was arelatively efficient nitrogen
responder while Provenance 98 was arelatively inefficient nitrogen responder. Although
afieldtria isneeded to validate their responses because of the lack of mycorrhizasin this
experiment, it woul d be expected that nitrogen fertiliser couldimprovethe seedling growth
of thesetwo Douglasfir provenancesat siteswithlow nitrogen availability. Theprovenance
difference in response to nitrogen supply levels hasimplications for sustainable Douglas
fir production in selection of provenances most suited to sites of particular nitrogen status.
However, further work is needed with a larger genetic pool of Douglas fir clones or
provenances to select a better provenance than Provenance 93 for a site with more severe
nitrogen limitation than that tested in this study. Theidentification of new provenances or



74 New Zealand Journal of Forestry Science 34(1)

cloneswith greater nitrogen use efficiency, coupled with best management practices, will
enhance the efficiency of applied nitrogen fertiliser, reduce the cost of input, and prevent
losses of nitrogen to the ecosystem, all of which could contribute to sustainable Douglas
fir ecosystems that protect and promote soil, water, and air quality.
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