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ABSTRACT

Nutrient uptake and growth of rapidly expanding needles in the upper crown of
Pinus radiata D.Don were studied in a 3 X 2 factorial experiment in relation to
competition with pasture for nitrogen and soil moisture. The monthly addition of 30 kg
N/ha had little effect on needle growth or nutrient uptake and the effect of simulated -
grazing was intermediate to either the rank-pasture or the no-pasture treatment.

Pasture competition decreased maximum rates of needle growth and nitrogen,
calcium, and magnesium uptake; needle mass; and needle nitrogen, potassium, calcium,
and magnesium content. In the presence of pasture, needle growth and uptake of
potassium and magnesium declined more rapidly. Maximum needle weight and potassium
content were also achieved earlier when pasture was present.

Gompertz equations proved to be a useful technique for modelling nutrient uptake
and making comparisons between treatments, particularly those that affected the
dynamics of nutrient uptake, i.e., nutrient sources and addition rates, competition,
species, and genotype.
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INTRODUCTION

The outcome of competition between pasture and trees is often strikingly apparent
(Balneaves 1987). But the mechanisms underlying competition are less obvious and are
poorly understood. For example, how does competition affect nutrient uptake? Does it affect
the quantity of nutrient taken up, the maximum rate and timing of nutrient uptake, or the time
taken to achieve maximum needle nutrient content? Comparison of the time taken to achieve
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maximum needle weight gain or nutrient uptake or the timing of maximum rate of nutrient
uptake may improve understanding of the competitive interaction and the underlying
mechanism operating.

Modelling of P. radiata foliage nutrient dynamics has been limited to time series analysis
and the fitting of exponential decay curves to concentration data from long-term fertiliser
response trials (Knight ezal. 1983). Mead & Mansur (1993) used a modification of the vector
analysis technique (Timmer & Stone 1978; Weetman & Fournier 1982) to describe the
outcome of competition for nutrients and water between P. radiata and various pasture
species. Vector analysis was developed to screen for fertiliser responses, but provides only
a static analysis of the fertiliser response or competitive interaction (Mead & Mansur 1993).

For this study we used a growth analysis technique to describe nutrient uptake and
accumulation during one growth season within needles of trees growing in a competitive
silvopastoral system. Patterns of needle growth and nutrient uptake are related to changes in
soil moisture deficit. A similar technique has been used by Whitehead et al. (1994) to
describe canopy development in P. radiata.

METHODS
Site Description

The trial and site are described by Clinton & Mead (in prep.). Briefly, the trial was located
in a stand of 4-year-old P. radiata planted at 400 stems/ha. The soil was a deep (>1.8 m)
Templeton silt loam that was medium- to free-draining with a moderate capacity to retain
moisture (Kear et al. 1967).

Rainfall for the duration of the trial was only 59% of the long-term (1965-80) average of
702 mm (range 372-988 mm), i.e., 415 mm fell between April 1988 and April 1989. There
were 11 periods of 7 days’ duration or longer when precipitation was 0.1 mm or less. Six of
these periods occurred during the winter and spring.

Trial Design and Treatments

The trial was laid out as a 3 X 2 factorial in a completely randomised design with four
replicates for each treatment (except for simulated-grazing-plus-nitrogen, which had six).
Plots were 16 x 16 m, each containing nine trees, of which the central tree was used in this
study.

A gradient of pasture competition was imposed by allowing the pasture to continue
growing untreated (rank-pasture); mowing to a height of 3 cm at regular intervals and
removing clippings, with return of some nutrients (80%) removed in the clippings as
fertiliser additions (simulated-grazing); and kill-spraying toremove all competing vegetation
(no-pasture).

Two levels of nitrogen (0 and 30 kg N/ha) were applied monthly from May 1988 until
April 1989, except in December 1988 and January 1989 when drought caused the pasture to
brown off. Ammonium nitrate was used in alternative months (15 kg/ha as NH,* and
15 kg/ha as NO;~). In the other months, a mixture of calcium ammonium nitrate and
potassium nitrate was used (10 kg/ha as NH,* and 22 kg/ha as NO3-). Each nitrogen-treated
plot also received a total of 128 kg K/ha and 69 kg Ca/ha.
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Expanding needles were collected monthly (October 1988-May 1989) from tagged
secondary branches in the upper crown from 26 trees after elongation had commenced
(12 September 1988). Two to four fascicles per branch were collected and counted
(approximately 30 fascicles per whorl) and oven-dried at 70°C prior to weighing. Duplicate
300-mg subsamples were digested in an H,0,/H,SO, mixture (Nicholson 1984). Nitrogen
was determined colorimetrically using an autoanalyser and cations were analysed using
atomic absorption spectrophotometry.

The Gompertz equation (Causton 1977; Hunt 1982) was used to model needle growth (W)
and nutrient uptake and accumulation (N) in terms of time since commencement of needle
growth (T). The Gompertz equation was fitted to each individual tree using a non-linear least
squares procedure.

Gompertz equation A=A, e’

Substituting W and N for A in the equation where A, is either the maximum needle weight
or maximum needle content of a specific nutrient and ¢ and d are parameters, Whitehead et
al. (1994) demonstrated that the utility of the Gompertz equation is in its ability to be
differentiated, allowing the calculation of maximum rate of needle growth or nutrient uptake
atthe point of inflection in the relationship (s,,) and the value of T when this occurs (T;) (Hunt
1982). The time taken to reach 95% of either maximum needle weight or specific needle
nutrient content can also be calculated (Tys). Therefore, four parameters—maximum rate of
nutrient uptake or needle growth (s,,), maximum needle nutrient content or needle weight (N
and W, respectively), time when uptake or growth is maximum (T;), and approximate
elapsed time to achieve 95% of maximum needle nutrient content or needle weight (Ts)
(Fig. 1)—that describe needle growth and nutrient uptake can be calculated from needle
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FIG. 1-Curve of Gompertz function showing maximum rate of nutrient uptake (s,,), maximum
needle nutrient content (A,,), time when uptake is maximum (T;), and approximate
elapsed time to achieve 95% of maximum needle nutrient content (Ts).
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weight and nutrient concentration data. These parameters as estimated for each individual
tree were compared between nitrogen and pasture treatments using factorial ANOVA. The
specific comparisons between the pasture treatments (no-pasture v. pasture, rank-pasture v.
simulated grazing) were tested using orthogonal single degree of freedom contrasts.

Soil Moisture

Dynamics of soil moisture in the surface 10 cm of soil were monitored by assessing soil
moisture content of two cores collected monthly from random locations within a 1-m radius
of the stem and from between a 1- and 2.5-m radius. A Campbell Pacific Nuclear neutron
probe moisture meter was used to follow soil moisture content between 10 and 100 cm soil
depth weekly during the growing season at two locations relative to tree stems (radial
distances of 1 m and 2.5 m). Fifteen tubes were monitored: four tubes at 1 m radial distance
for the plus-pasture treatments, five tubes at 1 mradial distance for the no-pasture treatments,
three tubes at 2.5 m radial distance for the plus-pasture treatments, and three tubes at 2.5 m
radial distance for the no-pasture treatments. Data for both soil depths were analysed using
analysis of repeated measures ANOVA. Orthogonal single degree of freedom contrasts were
used to test differences between pasture treatments (no-pasture v. pasture, rank-pasture v.
simulated grazing).

RESULTS
Soil Moisture

Surface soil (0-10 cm depth) was always wetter beyond the 1-m radius than soil closer
to the stem (p<0.01) (Fig. 2a), except during January when soils were similarly very dry. The
no-pasture treatment was always wetter than plots with pasture (p<0.005), and did not dry
out as fast during early spring (September to October) (Fig. 2b) when there was little or no
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FIG. 2(a)-Surface soil (0—10 cm depth) moisture surface volume fraction (8) within 1 m of stem
(0) and between 1 and 2.5 m from the stem (m).
(b)-Surface soil (0-10 cm depth) moisture surface volume fraction (8) as affected by
pasture competition—control (M), rank-pasture (A), and mowed pasture (®).
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rainfall. The dynamics of soil moisture volume fraction () were similar in the rank and
mowed pasture treatments. On average, the no-pasture treatment was wetter at both distances
from the stem than the plus-pasture treatments, although this difference was significant only
at p=0.0550. There were no other significant (p<0.05) effects or interactions.

Below 10 cm depth, removing pasture competition reduced soil moisture deficit, at both
1 m and 2.5 m from the stem (p<0.005) (Fig. 3). Where pasture was present, water was lost
rapidly at a distance of 2.5 m from the tree so that by Day 38 the soil moisture deficit
(133 mm) was equal to that at the 1-m location. This equilibrium did not happen until Day
117 in the no-pasture treatment when the soil moisture deficit was 120 mm. Although rainfall
influences soil moisture deficit as illustrated by short-term fluctuations (Fig. 3), its effect
was pronounced only at 2.5 m from the stem and only where pasture had been removed.
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FIG. 3-Daily rainfall (m) and soil moisture deficit in the 10-90 cm soil depth in the presence of
pasture within 1 m of stem (O) and between 1 and 2.5 m from the stem (®) and in the
absence of pasture within 1 m of stem (A) and between 1 and 2.5 m from the stem (A).

Foliage Growth and Nutrient Accumulation

The addition of nitrogen had no significant (p<0.05) effect on final needle nutrient
concentrations. Neither was the final needle nitrogen concentration affected by level of
pasture competition, although the mowed treatment was 11% higher than the rank-pasture
treatment (p=0.0866) (Table 1). Removing pasture competition significantly (p<0.05)
increased needle potassium concentration by 19% but reduced needle magnesium
concentration significantly (p<0.05) by 25%. No nutrients were at levels regarded as
deficient (Will 1985) and all nutrients were at satisfactory levels, except for magnesium in
the no-pasture treatments which was marginal.

Addition of nitrogen did not affect the pattern of needle dry weight growth; however, the
interaction between level of pasture competition and nitrogen addition was significant
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TABLE 1-Nutrient concentration (%) at end of growing season (followed by s.d.).

Rank-pasture Simulated- No pasture  Single degree of freedom contrasts (p)
grazing Pasture v. Rank-pasture v.
no pasture simulated-grazing
N 1.57 (0.067) 1.74 (0.061) 1.68 (0.073) 0.8901 0.0886
K 0.69 (0.047) 0.77 (0.043) 0.87 (0.051) 0.0321 0.2403
Ca 0.23 (0.020) 0.24 (0.018) 0.22 (0.021) 0.5167 0.7881
Mg 0.12 (0.007) 0.12 (0.006) 0.09 (0.008) 0.0024 0.7533

(p=0.023). Addition of nitrogen always increased the time taken to reach maximum needle
weight when pasture was present (72 days, s.d.=37.8) and greatly reduced the time taken
to reach maximum needle weight when nitrogen was added to the no-pasture treatment (58
days, s.d.= 6.3). Addition of nitrogen did not affect the pattern of nutrient uptake (p>0.05),
except for maximum needle magnesium content which was significantly increased by 77%
in the plus-nitrogen treatments (p=0.041)—39.12 pg Mg/needle (s.d.=22.44) and 22.06 g
Mg/needle (s.d.=10.438) in plus-nitrogen and no-nitrogen treatments, respectively.

Pasture competition significantly reduced maximum rates of nitrogen and calcium uptake
(48% and 52%, respectively) (p<0.01), and maximum rates of magnesium uptake and needle
growth (32% and 22%, respectively) (p<0.1) (Table 2). There were no significant differences
(p>0.05) between the mowed and rank-pasture treatments, and the effect of mowing (with
nutrient return) was always intermediate to either the rank- or no-pasture treatments.

TABLE 2-Maximum rate of needle growth (mg/needle/day) and nutrient uptake (1g/nutrient/needle/
day) (followed by s.d.) calculated using Gompertz equation.

Rank-pasture Simulated- No pasture  Single degree of freedom contrasts (p)
grazing Pasture v. Rank-pasture v.
no pasture  simulated-grazing

Needle

mass 0.44 (0.109) 0.52 (0.130) 0.62 (0.281) 0.087 0.368
N 3.12(1.185) 5.22 (1.530) 8.00 (3.203) 0.004 0.160
K 6.22 (2.585) 6.57 (2.136) 7.16 (2.865) 0.515 0.794
Ca 0.53 (0.280) 0.82 (0.334) 1.41 (0.010) 0.0003 0.307
Mg 0.30 (0.139) 0.35(0.118) 0.48 (0.240) 0.076 0.618

Maximum needle mass and needle nitrogen, potassium, and magnesium content were
significantly increased (64, 65, 74, and 76% respectively) by removing competing pasture.
The maximum needle calcium content was increased by 90% when pasture was removed;
this increase was significant only at p<0.1 (Table 3). Mowing pasture and returning
approximately 80% of nutrients increased maximum needle potassium content by 48%
(p<0.05).

The time taken to achieve maximum rates of needle growth and potassium uptake was
significantly shorter (p<0.001) in the presence of pasture than when pasture was removed
(Table 4). However, the presence or absence of pasture did not affect the time taken to reach
maximum rates of nitrogen and calcium uptake which occurred on average (with and without
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TABLE 3-Maximum needle mass (mg/needle) and nutrient content (pLg/nutrient/needle) (followed by
s.d.) calculated using Gompertz equation.

Rank-pasture Simulated- No pasture  Single degree of freedom contrasts (p)
grazing Pasture v. Rank-pasture v.
no pasture simulated-grazing
Needle

mass 17 (3.4) 22 (6.6) 32 87 0.0001 0.181
N 287 (50.6) 438 (210.5) 599 (201.9) 0.024 0.197
K 128 (34.1) 189 (42.1) 275 (62.9) 0.0001 0.023
Ca 51(28.3) 75 (38.5) 120 (99.1) 0.072 0.524
Mg 22 (10.6) 27 (11.0) 43 (26.5) 0.031 0.666

TABLE 4-Elapsed time (days) since commencement of growth to reach maximum needle growth and
nutrient uptake (followed by s.d.) calculated using Gompertz equation.

Rank-pasture Simulated- No pasture  Single degree of freedom contrasts (p)
grazing Pasture v. Rank-pasture v.
no pasture simulated-grazing
Needle

mass 47 (8.1) 46 (3.9) 65 (11.5) 0.0001 0.562
N 43 (22.5) 61 (40.1) 71 (17.1) 0.285 0.416
K 28 (3.8) 30 (4.9) 49 (11.1) 0.0001 0.490
Ca 90 (49.5) 119 (75.4) 135 (128.5) 0.504 0.635
Mg 76 (31.7) - 65(21.5) 116 (75.1) 0.064 0.696

pasture) approximately 58 and 115 days after commencement of needle extension, respectively
(Table 4). In the presence of pasture, the maximum rate of magnesium uptake occurred
earlier than when pasture was removed (p=0.064).

Maximum needle weight and potassium content were reached significantly earlier (58
and 78 days earlier, respectively) when pasture was present (p<0.001 and p<0.01, respectively)
than on the no-pasture plots where needle weight and needle potassium content continued
to increase until 228 and 185 days after the commencement of needle extension, respectively
(Table 5). In contrast, maximum needle nitrogen, calcium, and magnesium contents were not
affected by pasture treatment.

TABLE 5-Elapsed time (days) since commencement of growth to reach 95% of maximum needle mass
and nutrient content (followed by s.d.) calculated using Gompertz equation.

Rank-pasture Simulated- No pasture  Single degree of freedom contrasts (p)
grazing Pasture v. Rank-pasture v.
no pasture  simulated-grazing
Needle

mass 166 (9.5) 173 (20.5) 228 (51.7) 0.0001 0.607
N 361 (169.8) 315 (176.1) 307 (78.4) 0.699 0.650
K 95 (22.8) 119 (16.9) 185 (85.3) 0.003 0.371
Ca 359 (198.8) 452 (325.3) 423 (416.2) 0913 0.661
Mg 345 (161.0) 298 (78.4) 440 (320.0) 0.248 0.714
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DISCUSSION

Removing pasture competition had two effects on soil moisture. Firstly, soils were always
wetter and also remained wetter for longer than in plus-pasture plots. Pasture competed
directly for soil moisture but also indirectly as canopy processes also reduce soil re-wetting,
thus reducing soil moisture storage. The period of rapid decline in 8 corresponds to a period
of low rainfall (22.3 mm 12 September to 30 October, Day 0 to Day 50), low humidity, and
declining pasture production (Clinton & Mead unpubl. data).

Although there was no tree growth response to any treatment except removal of all pasture
(Clinton & Mead unpubl. data), the analysis of nutrient uptake patterns using the Gompertz
equation and its derivatives showed that competition from pasture affected the dynamics of
needle growth and nutrient uptake. The effect of pasture competition is highlighted by the
lack of tree growth or nutrient uptake response to returned nutrients in the plots mowed to
simulate grazing. The results of this study also agree with those of Clinton & Mead (1994a)
who found that 15N uptake by P. radiata was reduced by pasture competition and patterns
of 15N uptake into needles were affected by pasture competition (Clinton & Mead 1994b).

Pasture decreased maximum rates of needle growth and nitrogen, calcium, and magnesium
uptake, as well as needle mass and needle nitrogen, potassium, calcium, and magnesium
content. In the presence of pasture, needle growth and uptake rates of potassium and
magnesium declined more rapidly than in the no-pasture plots. Maximum needle weight and
potassium content were also achieved earlier when pasture was present. The decrease inrates
of needle growth and potassium uptake (47 and 29 days respectively) after commencement
of needle expansion corresponded to a marked decrease in 6 in the surface 10 cm of soil (Fig.
2) and a period of little rainfall. Maximum rate of potassium (Fig. 4) uptake occurred on
average 17 days before maximum rate of needle weight growth, while nitrogen, magnesium,
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FIG. 4-Potassium uptake curves as affected by pasture competition—control (M), rank pasture
(a), and mowed pasture (®)—estimated using Gompertz equation.
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and calcium uptake rates reached maxima 5, 33, and 62 days, respectively, after needle
weight growth rate peaked. Therefore, the presence of pasture had different effects on the
availability and uptake of specific nutrients by P. radiata.

Maximum rates of nutrient uptake and maximum nutrient contents were achieved
considerably earlier for potassium than for magnesium, suggesting that there may be a
temporal component to any imbalance in nutrient ratios that may affect plant nutrition status
such asupper mid-crown yellowing (Beets ezal. 1993). The factor responsible for determining
temporal differences in nutrient uptake has not been identified, i.e., is it nutrient mineralisation
or a nutrient-specific nutrient-cycling characteristic?

Plantuptake appears to be more limited for specific nutrients, i.e., calcium and magnesium,
irrespective of competitive interactions because needles appear never to be saturated in terms
of their potential calcium or magnesium content within a normal season, although older
needles continue to take up calcium (Sheriff et al. 1986) but not magnesium.

Although nutrient data at the end of the season may show differences between treatments,
conclusions as to when these differences come about are difficult to draw. Instead of
describing the outcome of the competitive interaction, growth analysis improves our
understanding of the interaction by providing a temporal component to the interaction—in
this case, to the effects of pasture competition on nutrient uptake and needle growth. This
temporal component may be explained in terms of growth of competitors or availability of
resources such as water, as happened in this study.

The approach used in this study is compatible with that of Van Rees (1994) which
described nutrient uptake in terms of movement of nutrients to roots and into roots. The
modelling approach used in this study also supports the concept of relative rates of growth
and nutrient supply (Ingestad 1987). In this study nutrient uptake rates varied for different
nutrients and, in general, nutrient uptake rates lagged behind needle weight growth, except
for potassium. This supports Ingestad’s theory that, in order to maintain constant nutrient
concentration, the relative uptake rate and therefore the relative addition rate must equal the
relative growth rate (Ingestad 1987). In most situations, because growth rate varies during
the season so too does the nutrient supply rate, especially in a stand without fertiliser. As the
difference between maximum relative growth rate and maximum relative uptake rate for a
particular nutrient increases, so a plant is more likely to be stressed for that nutrient. This
nutrient stress can occur either through a reduction in supply due to direct or indirect
competition, or because of low nutrient availability. In this study pasture competition
indirectly affected nutrient supply by reducing soil moisture.

Currently the technique does not consider the effects of nutrientretranslocation into or out
of foliage but, as indicated, maximum rates of increase in needle nutrient content occur soon
after needle initiation and these rates are affected by competition. The model suggests that
for some nutrients, maximum needle nutrient content is not attained and this may be a result
of retranslocation of nutrients out of current year’s foliage.

CONCLUSION
Declining patterns of needle growth and nutrient uptake mirrored patterns of soil moisture
in the plus-pasture treatments, whereas in no-pasture treatments soils remained wetter
longer, and needle growth and nutrient uptake continued at higher rates and for longer,
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resulting in larger needles that contained more nutrients. Further experimental approaches
are required to investigate if the competitive effect of pasture acts directly on the size of the
available nutrient pool or on processes that affect nutrient availability indirectly, i.e., mass
movement of nutrients through soil drying or possibly allelopathy.

In future studies, the intensity of sampling times should reflect the rate of needle growth
and nutrient uptake to give precise comparisons between parameters, although this may
require different sampling strategies if treatment effects are large.

Gompertz equations offer a useful technique for modelling nutrient uptake and making
comparisons between treatments, particularly those that affect the dynamics of nutrient
uptake, i.e., nutrient sources and addition rates, competition, species, and genotype.
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