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The relationship between annual foliage production and nitrogen and water stress

was examined in 14 naturally regenerated, mid-rotation ponderosa pine stands in

central Oregon. Current-year and older foliage masses, and foliage nitrogen

contents and concentration were estimated from 132 destructively sampled trees.

Litterfall mass and nitrogen retranslocation rates from senescing foliage were

estimated, and site water stress was indexed with stable carbon isotope ratios (ô13C)

of current-year foliage. Models based on the nitrogen productivity concept of

Ingestad (1981) and Agren (1983) were shown to accurately predict aimual foliage

production. Current-year foliage production was strongly related to older foliage

nitrogen content (R2=0.82). Models including water stress (o13C) as an additional

covariate explained 95% of the variability, and showed that foliage production

decreased with increasing water stress. Older foliage mass and ô13C were weakly

correlated (r=0. 11), suggesting that they acted independently on current-year foliage

growth. Foliage relative growth rates were strongly related to both water stress and

nitrogen concentration (R2=0.84). Retranslocated nitrogen accounted for 47-116%

of current-year foliage nitrogen, and aimual nitrogen uptake (from the soil) was 0-

11% of total canopy-N. Annual nitrogen uptake rates in mature ponderosa pine

stands were small relative to nitrogen retained in the canopy, and nitrogen uptake



rates may be poorly correlated with annual productivity for this reason. Foliage

macro- and micro-nutrient ratios relative to nitrogen were very consistent across

sites suggested possible P, and S deficiencies.

Annual soil nitrogen mineralization and uptake rates varied widely among

sites (1-52 and 5-58 kg ha' yr, respectively), estimated using in situ incubations.

Current-year foliage production and canopy N-contents were not significantly

correlated with nitrogen uptake rates. N-retranslocation rates were shown to be

similar in magnitude to soil N-uptake, and substantially increased N-availability.

Foliar nitrogen was highly conserved with a mean retention time of 10.5 yrs, which

averaged 2.2 times longer than foliage retention. Nitrogen retention was correlated

with an index of site water stress (r=0.43). The relationship between relative growth

rate of foliage and relative uptake rate of nitrogen was non-significant (p=O.27). A

close linear relationship between these was predicted by the nitrogen productivity

concept, but was not confirmed.
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How odd it is that anyone should not see that all observations must be for or against

some view if it is to be of any service.

Darwin to Fawcett, 1861

If problems are the focal point of scientific thought, theories are its end result.

Theories matter, they are cognitively important, insofar as - and only insofar as -

they provide solutions to problems. If problems constitute the questions of science, it

is theories which constitute the answers. The function of a theory is to resolve

ambiguity, to reduce irregularity to uniformity, to show that what happens is

somehow intelligible and predictable; it is this complex of functions to which I refer

when I speak of theories as solutions to problems.

Larry Laudan
Progress and its Problems, 1977

We are not students of some subject matter but students of problems. And problems

may cut right across the borders of any subject matter or discipline.

Karl Popper
Conjectures and Refutations, 1962



SOIL-SITE PRODUCTIVITY RELATIONSHIPS OF CENTRAL OREGON
PONDEROSA PINE

CHAPTER 1: GENERAL INTRODUCTION

The environmental basis for soilsite productivity relationships in forested

ecosystems remains poorly understood. Considerable research has described the

major processes important to forest productivity and health (Thornley 1972,

Carmean 1975, Monteith 1981, Gholz et al. 1984, Cannell 1989, Monleon and

Cromack 1996, McDowell et al. 2002). However, these studies (and reviews)

tended to focus on single resources or physiological processes, such as soil water

availability or plant water use efficiency. Despite considerable and detailed

research, our ability to accurately predict the effects of disturbance or cultural

treatments on forest productivity and health remains weak. Better understanding of

what factors influence productivity and how these factors interact would

undoubtedly improve management decisions and continues to justify research. Past

research into the soilsite productivity relationship strongly suggests that better

understand will involve both physiological and environmental factors. One

promising theory linking growth rates to plant physiology and nutrient availability is

the nitrogen productivity (PN) concept of Ingestad et al. (1981) and Agren (1983).

The PN concept is fully outlined in Chapter 2. The primary appeal of the PN concept

was the demonstrable link between the parameters driving productivity and

environmental conditions or resource flux. In other words, there was a clear and

tractable link between site resources and growtha necessary basis for

understanding soilsite productivity relationships. The PN concept provided an

empirically-derived model linking growth to nitrogen uptake rates, and it provided a

conceptual model for factoring the effects of non-nutritional stresses (Ingestad and

Agren 1995).
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The goal of this study was to examine the soilsite productivity relationship

in mature ponderosa pine of central Oregon. There is considerable variability in site

productivity across this region; soils however, all developed from Mt. Mazama

pumice and ash deposited about 7,000 yrs ago, and have fairly uniform chemical

and physical characteristics (Youngberg and Dyrness 1965, Geist and Cochran

1990, Landsberg 1992). These contrasting properties (variable productivity, and

relatively uniform soils) suggest that ponderosa pine of central Oregon should be an

ideal ecosystem to study soilsite productivity relationships. The objective was to

identify the major environmental factors important to ponderosa pine site

productivity. Previous research has shown that resource use efficiency can be

highly variable, and therefore an adequate model of the soilsite productivity

relationship must also describe the physiological processes important to resource

use efficiency. The specific objective was to test models predicting site productivity

based on the nitrogen productivity concept (Chapter 2), and to test whether these

models adequately partition the different effects of nitrogen and water stress on

productivity. The driving parameters in these models have a clear environmental

basis in resource fluxes. The link between nitrogen mineralization and uptake rates,

and site productivity was examined in Chapter 3. The importance of nitrogen

retranslocation and variable retention times on productivity was also examined. A

related objective was to identify possible nutrient limitations (in addition to

nitrogen) by examining nutrient ratios relative to nitrogen and compared against

optimal values (Ingestad 1979).
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Abstract

The relationship between annual foliage production and nitrogen and water stress

was examined in 14 naturally regenerated, mid-rotation ponderosa pine stands in

central Oregon. Current-year and older foliage masses, and foliage nitrogen

contents and concentration were estimated from 132 destructively sampled trees.

Litterfall mass and nitrogen retranslocation rates from senescing foliage were

estimated, and site water stress was indexed with stable carbon isotope ratios (ô'3C)

of current-year foliage. Models based on the nitrogen productivity concept of

Ingestad (1981) and Agren (1983) were shown to accurately predict annual foliage

production. Current-year foliage production was strongly related to older foliage

nitrogen content (R2=0.82). Models including water stress ('3C) as an additional

covariate explained 95% of the variability, and showed that foliage production

decreased with increasing water stress. Older foliage mass and '3C were weakly

correlated (r=0. 11), suggesting that they independently influenced current-year

foliage growth. Foliage relative growth rates were strongly related to both water

stress and nitrogen concentration (R2=0.84). Retranslocated nitrogen accounted for

47-116% of current-year foliage nitrogen, and annual nitrogen uptake (from the soil)

was 0-11% of total canopy-N. Annual nitrogen uptake rates in mature ponderosa

pine stands were small relative to nitrogen retained in the canopy, and nitrogen

uptake rates may be poorly correlated with annual productivity for this reason.

Foliage macro- and micro-nutrient ratios relative to nitrogen were very consistent

across sites and comparisons with optimal ratios showed possible P, and S

deficiencies.

Introduction

5

The environmental basis of site-to-site variability in forest productivity remains

poorly understood. Forest productivity strongly influences site-specific
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management decisions, and it is fundamental to nearly all forest health concerns.

Efforts to predict forest response to cultural treatments such as thinning, prescribed

fire or fertilization have been frustrated by our limited understanding of which

factors predominantly influence productivity, and how these factors may interact.

For instance, forest growth following prescribed fire in ponderosa pine (Pinus

ponderosa) can be quite variable (both positive and negative), even though

substantial nitrogen is usually lost to volatilization (Grier 1989, Monleon and

Cromack, 1996). The reasons for this varied response remain unclear. Without a

firm understanding of how nitrogen availability affects productivity in these

systems, it is unlikely that the effects of prescribed fire on productivity and forest

health will ever be predictable. The potential insight and utility of understanding

the soilsite quality relationship has justified considerable research on the subject,

although with limited success (Carmean 1975, McLeod and Running 1987).

Previous research into forest soilsite productivity relationships have largely

attempted to correlate soil physical or chemical properties with site index (expected

stand height at a reference age) or with stemwood productivity. Jokela et al. (1988)

used a multivariate regression approach to develop predictive models of Norway

spruce (Picea abies) growth. They successfully defined a regression equation to

predict stemwood mean annual increment (MAI) (R2 0.5 3-0.82) based on

topographic and soil physical and chemical properties. Kushla and Fisher (1980),

working in North Florida slash pine (Pinus elliottii) plantations, developed a series

of predictive equations for response to N and P fertilization, also based on physical

and chemical soil properties measured at the start of the study. Although their

equations were able to accurately predict fertilizer response in certain soil types (R2

0.63-0.98), their results had limited utility because they were unable to explain the

relevance of several predictor variables. In addition, a similar study of N and P

response in mid-rotation slash and loblolly pine (Pinus taeda) on 75 sites failed to

validate these equations (CRIFF 1993).
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A different approach has been to correlate productivity with an index of

potentially available nitrogen. Total soil-N and N-mineralization rates are often

poorly correlated due to the effects of other nutrients and factors, so researchers

have attempted to develop an index of potentially available N by using both aerobic

(Stanford and Smith 1972) and anaerobic (Waring and Bremner 1964) soil

incubations in the lab. Shumway and Atkinson (1978) found growth response to N

and P fertilization in Douglas-fir was negatively correlated to an index of

mineralizable nitrogen, using anaerobic incubations (r = -0.86). Conversely, Powers

(1980) found only a poor relationship between an anaerobic index and individual-

tree growth in unmanaged ponderosa pine stands.

A critical problem with these approaches was their failure to identify the

biological processes important to the soilsite productivity relationship. The studies

were also limited in scope, to the extent that the results did not apply to other soil

types or management practices differing from those in the studies. Past research

into the soilsite productivity relationship strongly suggested that better understand

will involve both physiological and environmental factors. One promising theory

linking growth rates to plant physiology and nutrient availability is the nitrogen

productivity concept of Ingestad et al. (1981) and Agren (1983).

Nitrogen Productivity Concept

In the mid-1970's, Ingestad and others began experimenting with the effect of

different nutrient addition rates on plant growth rates (Ingestad 1979, Ingestad and

Lund 1979, Ingestad and Kahr 1985). In several greenhouse experiments with

seedlings of birch (Betula spp), grey alder (Alnus incana) and several conifer

species, two fundamental relationships held for all species and experimental

conditions. First, when the nutrient relative uptake rate (RUR) was held constant,

relative growth rate (RGR) was also constant (Ingestad and Agren 1995); that is,



dW I dn I

dt Wdt n

where, W is whole plant mass (g) and n is nutrient (usually nitrogen) content (g) in

the plant. This relationship is shown in Figure 1 a. RUR was held constant by

setting a constant relative addition rate (RAR). For instance, with a RAR of 0.1 day

small amounts of nitrogen were added hourly that amounted to increasing N

additions by 10% day'. In these nitrogen-limited conditions, plant RUR was equal

to RAR. In super-optimal RAR's, plant demand for N was less than the addition

rates and external (solution) N concentrations increased. Other elemental nutrients

were non-limiting and were added in set proportions, based on experience with a

given species (Ingestad 1979).

In these experiments with different constant RUR's, plants achieved steady-

state nutrition, with RGR, nitrogen concentration (% of plant dry mass), and

root/shoot ratio (R:S) all remaining constant for the duration of the experiment

(Ingestad 1979, Ericsson 1981, Ingestad and Kahr 1985, Waring et al. 1985, Agren

and Ingestad 1987, Levin et al. 1989). Furthermore, these steady-state conditions

varied across different RAR's, with lower nitrogen concentrations and higher root

allocation fractions at lower experimental RAR's.

The second, consistent relationship for plants with constant RGR (and hence,

RUR) was the linear relationship between RGR and whole-plant nitrogen

concentration [N] (Ingestad and Lund 1979, Ingestad and Kahr 1985),

dW 1 NRGR= =a--a
di' W W

where, a' is a correction term that is usually close to zero, and [NJN/W. If a' can

be assumed zero, an alternate form of this relationship is,

8



dW
= aN

dt

where a is the nitrogen productivity (PN) (g dry-W (g N)' day'). This relationship

is shown in Figure lb. The slope of the line in Figure lb is termed the nitrogen

productivity (PN) which expresses growth rate per unit of nitrogen in the plant.

Based on these results, Ingestad and Agren (1995) developed a conceptual picture of

how plant growth rates and nutrient availability are fundamentally linked. In this

model, the one-to-one relationship between RGR and RUR remains stable (Fig la),

and thus internal nitrogen concentration remains constant. Furthermore, Ingestad

and Kahr (1985), Ingestad and Lund (1986) and Jonsson et al. (1997) showed

experimentally that non-nutritional factors such as light, water availability, species

and genotype can influence the nitrogen productivity (a), but this fundamental

relationship remains linear (Figure ib). A major advantage of their conceptual

model (Ingestad and Agren 1995) is the fact that effects of growth limiting factors

can be analyzed separately by examining how they influence nitrogen productivity

(parameter a in eqns 2 and 3).

Ingestad et al. (1981), Agren (1983), Ingestad (1987), and Agren and Bosatta

(1996) further suggested how these relationships are expected to hold in older,

forested stands. They developed slightly different terminology to represent nutrient

availability in natural systems, and presented a theoretical basis that can be used to

predict rates of foliage increment (g m2 yr') from nitrogen uptake rates. They also

discussed how nitrogen productivity (PN) is expected to change as forest stands

develop (in response to self-shading, increased water stress, etc). Beyond modeling

results in forest stands, these relationships have never been formally tested (van

Oene and Agren 1995, Agren and Bosatta 1996). Ingestad et al. (1981) and Agren

(1983) made an important alteration to the original formulation of Eqn 1, by relating

relative growth rates of foliage (RGRf) to relative N-uptake rates in foliage (RURf)

9

(3)



10

rather than to whole plant N-uptake. This change was made because growth rates of

stems and branches can be predicted from foliage dynamics (Shidei and Kira 1977).

Objectives

Ponderosa pine forest ecosystems typically experience summer drought and

frequent ground-fires. It is therefore likely that dry-site ponderosa pine evolved in a

nitrogen limited system. Historically, nitrogen deposition and fixation in these

forests were likely low, despite the presence (or evinced by the fact) of several

nitrogen fixing species of understory shrubs (McNabb and Cromack 1983). Total

soil nitrogen pools can be substantial (Klemmedson 1975). However, nitrogen

availability can be very low due to low mineralization rates andlor high nitrification

and immobilization rates in the soil, in addition to organic-N losses during

historically frequent ground fires (Cochran 1968, Monleon and Cromack 1996).

Nitrogen mineralization rates measured in the field are relatively low, varying from

2.0-6.4 kg ha' yf' (Monleon et al. 1997). The primary objective of this study was

to evaluate the soilsite productivity relationship in natural ponderosa pine systems

using the nitrogen productivity concept. The accuracy of the PN concept (eqns 1-3)

(Fig 1) was tested in mature, ponderosa pine stands to evaluate the separate effects

of nitrogen availability and water stress on productivity. Three specific hypotheses

were tested:

Foliage relative growth rate and nitrogen relative uptake rates have a 1:1

relationship (eqn 1); and,

Foliage relative growth rate is linearly related to nitrogen concentration,

and relative growth rate decreased with increasing water stress (eqn 2); and,

Foliage production is linearly related to canopy nitrogen content, and

foliage production decreases with increasing water stress (eqn 3).
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Water stress,
self-shading,
genotype, etc.

Nitrogen RUR (% yr') Foliage nitrogen content (kg ha-')

Figure 1. (A) The empirically derived one-to-one relationship between whole-plant
relative growth rate (RGR) and relative uptake rates (RUR) of nitrogen (eqn 1). (B)
The nitrogen productivity concept of Ingestad and Agren (1995) presents an
empirically derived model of plant growth responses to varied environmental
stresses (eqn 3). Nutritional stresses affect growth rates linearly based on the
nutrient availability and uptake rates (shown in A). Other environmental stresses,
such as water stress or self-shading, will depress the slope of this linear relationship
(shown as PN), but these factors will not alter the basic linear relationship between
nitrogen uptake rate and relative growth rate (eqs. 2 and 3).

a 1:1 b
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Possible productivity limitations due to nutrient imbalances were also assessed by

comparing the ratio of different nutrient concentrations to nitrogen against optimal

values (Ingestad 1979).

Methods

Sites

The study was conducted on the Deschutes National Forest in central Oregon, near

Bend. The region has a continental climate with long, cold winters and warm, dry

summers. Precipitation falls mainly as snow, or as rain during the late fall and early

spring months. The elevation of the sites ranged from 1270 to 1600 m, with average

precipitation generally decreasing towards the east. Soils within the study region

were sandy to sandy-loam Xeric Vitricriands, formed over a thick mantle of Mt.

Mazama volcanic pumice and ash deposited 7000 years ago. The ash layer varied

between 0.4 and 2.0 m thick at the study sites, burying material of varied origin.

The terrain is flat or gently sloping. Sites were scattered along the east slope of the

Cascade Mountains and east into the high central Oregon plateau, across a wide

gradient of precipitation and temperature. Average annual precipitation ranges from

38 to 114 cm with temperature inversely correlated with precipitation (Table 1).

Fourteen sites were located in mid-rotation, pure, even-aged ponderosa pine

stands. Most sites originated from natural regeneration following clearcuting, and

sites 12 and 20 were plantations (Table 1). Site 20 was planted at 1.83 m spacing.

Sampled stands ranged in age from 25 to 110 yrs. Many sites were

precommercially thinned in the late 1960's and material was left on the site. Sites

were chosen to span the widest range of both foliage mass and productivity

normally found in central Oregon. At each site, a single 20 by 20 m plot was

subjectively located by the following criteria: 1) Plots were pure, even-aged

ponderosa pine; 2) Plots were well-stocked with an even canopy cover extending
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into the buffer area; 3) There was no evidence of recent disturbance or insects or

disease; and, 4) Understory vegetation was sparse or absent, suggesting nearly

complete site occupancy by ponderosa pine. An attempt was made to locate stands

with similar dominant tree heights, but not necessarily similar ages (Table 1). These

selected stands were typical of many thousands of hectares across the region.

Aboveground productivity

In late September 1999, ten 0.37m2 litter traps were distributed randomly within

each plot. Litter was collected in June 2000 and late September 2000 prior to the

heavy fall foliage drop. Green foliage in the traps was kept separate. Litter was

dried and separated in the lab into brown foliage, green foliage, or wood, and annual

litterfall masses were calculated as kg ha' for each component. Overwinter litterfall

was lost at site 17 and a value was estimated from the nearby site 16. In October

2000, all live trees on each plot were measured for diameter at 1 .37m (DBH), height

and height to a visually reconstructed even crown base. Several dominant trees on

or near the plot were aged with an increment borer and measured for height to

determine site index (Barrett 1978). Several plot trees were cored to verify that

stands were even-aged. Stand density index was computed for each plot in per

hectare values (Table 1) as, SDI =f (DBH/25.4)177, wheref= plot expansion

factor (Cochran et al. 1994).

Aboveground foliage and branchwood biomass were determined by

destructive sampling. Immediately outside each plot, 6-17 trees were selected to

span the diameter range of the plot trees (Table 2). Candidate trees were included

that had heights and live crown lengths similar to the plot trees, and final sample

trees were randomly selected from diameter classes to distribute the sample trees

evenly across the diameter range of the plot. Sample trees were not permitted to be

adjacent to one another and were required to have good crown form. A total of 132

trees were destructively sampled.
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Biomass sampling began on August 15, 2000 which is after maximum

foliage elongation, but before the fall foliage drop. Each sample tree was measured

for DBH and then felled into a clear area to minimize crown breakage. On each

felled tree, a cloth tape was fixed along the length of the stem to indicate height

from the ground. The crown was stratified into thirds from a visually reconstructed

crown base, and heights delineating these thirds, including height to crown base and

total tree height were recorded.

Crown foliage and branch masses were estimated by importance sampling of

the primary branches (Cochran 1977). Each live branch was measured for diameter

parallel to the tree bole (nearest mm) and for height at insertion into the bole

(nearest 0.01 m). Branch diameter (BD) was measured approximately one BD from

the bole. Live branches below the crown base were assigned to the lower crown

third. Branch diameters were then squared and summed within a crown third. Five

branches from each crown third were then randomly selected with probability

proportional to BD2. The selected branches were cut flush with the bole and

examined for missing foliage. Most branches were undamaged in the felling. On

damaged branches, care was taken to locate missing branchlets by matching broken

ends together. If a damaged branch could not be reconstructed, an alternate branch

was randomly chosen in the same manner and noted. Less than 3% of the branches

could not be sampled accurately, and an alternate was chosen. All live foliage was

collected from each sampled branch. Both foliage and branch wood were collected

from the first two selected branches from each crown third. On each branch

sampled for branch wood, a 5-10 g composite sample of both current-year and older

foliage was collected and placed in separate ziplock bags, stored on ice, and frozen

nightly. Stem disks were cut at breast height, at crown base and at each crown third.

Site 13 contained a large number of small trees, so 6 trees with DBH < 10 cm were

randomly chosen and all live branches were clipped and bagged as one composite

sample, however, no fresh foliage was collected from these trees.



Table 1. Site attributes and environmental characteristics.

b Avg height of dominant crown-class trees
C Live crown ratio
d Stand density index

Expected height of dominant crown-class trees (m) at 100 yrs breast-ht age (Barrett 1978)
Average annual precipitation, estimated from precipitation maps (OCS 1993)

Site Name Age

yrs

Densitya

(ha1)

Tophtb

(m)

Avg DBH (range)b

(cm)

Avg
LCRC

(%)

SDId Site
indexe

Elev

(m)

Precip

(mm)

5 Middle Bachelor 58 575 23 34 (19-46) 55 992 34 1510 1140
7 RoundMountain 87 875 23 25 (12-42) 50 884 27 1380 610
8 Wickiup 52 350 19 29 (21 - 34) 60 461 30 1340 560
9 SugarCast 63 925 20 23 (14-33) 50 777 27 1380 560
11 Sunriver 70 400 22 33 (18-51) 60 679 28 1340 635
12 DillonFalls 34 525 17 29 (23-38) 65 676 35 1380 635
13 MicrowaveHill 50 1500 22 15 (5-40) 50 780 35 1310 660
14 LookoutMt. 95 600 28 30 (6-49) 40 892 31 1425 635
15 PringleButte 59 325 22 30 (6-43) 55 474 31 1400 460
16 FarEastLT5P 55 400 16 28 (19-36) 70 493 26 1540 460
17 FarEast Juniper 61 825 14 19 (6-32) 65 547 20 1390 380
18 Twin Lakes 52 725 26 30 (12-44) 45 1032 37 1345 635
19 FindleyButte 53 400 21 34 (16-45) 65 712 32 1600 710
20 Lookout Mixing 25 4840 11 14 (6-21) 45 1751 33 1570 890

a Excluding trees DBH < 5 cm



Table 2. Characteristics of destructively sampled trees.

a Live crown ratio

Site No. trees DBH range

(cm)

Height range

(m)

Avg LCRa

(%)

Foliage mass range
Current-year Older

(kg) (kg)
Total
(kg)

5 10 23 - 46 17 - 26 60 1.7 - 8.6 5.1 - 60.5 6.9 - 69.1

7 8 19 - 41 18 - 26 44 0.4 - 4.4 1.7 - 29.3 2.1 - 32.6

8 8 21 - 36 12 - 21 59 1.6 - 5.8 5.1 - 30.5 6.9 - 36.4

9 10 18 - 32 14 - 21 47 0.4 - 2.3 1.6 - 12.6 2.0 - 14.6
11 9 24-46 16-23 58 0.9-6.9 5.2-53.0 6.3 -59.2
12 9 23 - 37 12 - 18 63 1.7 - 8.6 7.9 - 51.1 9.5 - 59.6
13 17 2 - 42 2 - 25 54 0.01 - 5.9 0.04 - 28.6 0.04 - 34.5

14 10 20 - 49 20 - 32 40 0.5 - 6.3 1.9 - 46.0 2.3 - 51.7

15 9 20 - 42 10 - 23 65 1.4 - 8.2 6.2 - 40.2 7.6 - 45.7

16 7 22 - 37 13 - 17 66 1.2 - 2.7 8.4 - 25.4 9.6 - 27.6

17 10 13 - 32 8 - 15 65 0.2 - 5.2 1.5 - 35.0 1.7 - 40.2

18 10 21 - 45 19 - 26 51 1.0 - 5.5 4.3 - 19.3 5.5 - 24.8

19 9 16 - 42 11 - 23 69 0.8 - 5.5 5.2 - 40.8 6.0 - 44.9

20 6 9-20 8- 11 54 0.2- 1.6 0.4-6.9 0.6-8.5
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Biomass samples were either dried in a kiln at 65 °C or air-dried over several

months, and air-dried branches were subsampled to verify that they had the same

moisture content as the kiln-dried samples stored at ambient humidity. Biomass

components were separated in the lab into current-year foliage, older foliage, and

wood, and each component was then weighed to the nearest g. Current-year foliage

generally remained attached to the twigs during drying, and had light tan fascicle

sheaths with an enclosed papery portion approximately 1 cm long. These

characteristics allowed quick and accurate separation of current-year and older

foliage even when needles became detached after drying. The consistency of these

characteristics was confirmed for all sites in the field by determining foliage age

from bud scars.

Specific needle area (SNA) was determined for both current-year and older

foliage for each site from the frozen subsamples. Needles were separated at the

fascicle sheath, and the projected area (nearest 0.01 cm2) was determined for an

approximately 100 cm2 composite sample using an area meter (Li-Cor 3100,

Lincoln, NE). This foliage was then dried and weighed to the nearest 0.Olg to

estimate the SNA. All of the foliage collected and frozen was then dried, weighed

and added to the branch totals.

Current-year foliage, older foliage and branch wood masses were estimated

for each crown third following importance sampling methods (Chochran 1977,

Gregoire et al. 1995). Total biomass (Wi) for the crown third was estimated from

sample branch biomass estimates and sampling probabilities as follows;

3
ni 1=1

where w,j = biomass (kg) (by component) for the ith sample branch within the jth

crown third, n = number of branches sampled for biomass in crown third j, N1 =
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total number of branches in crown third j, and zj = sampling probability of branch

ii,

z=BD/BD.
/ N

Sample variance was calculated as,

var(.)=
(1_f)(,
n(n-1) 1=1

where, f=n,fN. and 1 -f = finite population correction (Cochran 1977). Total

foliage mass for each tree and its variance was computed as the sum across the

crown thirds (Cochran 1977). Branch diameter (BD) was used as an auxiliary

variable in this importance sampling approach to decrease the sample variance since

foliage mass was correlated with BD2. A small pilot study was conducted in early-

summer to confirm the linear relationship between BD2 and foliage and branch

wood mass. Sampling with probability proportional to BD2 disproportionately

selected larger branches that are more important to the between-branch variance in

biomass component.

Site-specific equations were developed with multiple linear regression to

predict current-year foliage, older foliage, and branch wood masses for individual

trees based on tree attributes. The final equations were applied to estimate plot-

level crown masses by component for each site. All statistical analyses were

performed with SAS ver 8.0 (SAS 1999). Furnival's fit index (Furnival 1961) was

used for weighted linear regression to adjust the nse back to the original scale for

comparison with unweighted models. Coefficients of determination for no-intercept

models were computed as 1
$,)2 / (

_)2
Variable definitions and units

are shown in Table 3.

2

I)



Foliage nutrients

Crown-level nutrient concentrations and nutrient contents were estimated for each

plot in the following manner. The frozen and subsequently dried foliage from each

site (from between 48-72 branches) were combined into a composite foliage sample

to which each branch contributed an amount proportional to its expected foliage

mass. Expected foliage mass (both current-year or older) for a branch was

proportional to BD2, and for an individual-tree it was approximately proportional to

DBH25 (Shidei and Kira 1977). Each branch was weighted by both the expected

contribution of that branch (i.e., similar ones in the crown) and tree to the plot-level

foliage mass. The within tree weights were proportional to BD2, with no correction

for differences among crown thirds. The individual sample-tree weights were

determined by assigning plot trees to the nearest sample tree (closest DBH) and

determining the weights as the proportion of the plot DBH25 that were assigned to

each sample tree. The weights were applied in the order of, within and then

between trees. A composite sample of approximately 100 g was obtained. A

similar method was used to obtain a 30-50 g sample from the upper crown-third of

dominant and co-dominant trees only (weights for individual trees were kept equal).

The four composite foliage samples (whole-crown current-year and older, and

upper-crown current-year and older) were then entirely ground to pass a 20 mesh in

a Wiley mill and well mixed. Considerable care was taken in generating these

composite samples because of the importance of nutrient concentrations to the study

objectives. It was also clear that an extremely well composited sample would be

necessary for accurate whole-crown values of nitrogen concentration (from very

heterogeneous elements) since roughly 2 mg of tissue is used in the analysis. A

representative sample of litterfall foliage (no green needles) from the September

2000 collection was ground to pass a 20 mesh. The latter sample date was chosen

because overwintered litterfall would be highly leached of K and would potentially

have altered N and P concentrations (Monleon and Cromack 1996). All nutrient

19
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contents were determined as the product of concentration and total foliage mass,

expressed as kg ha'.

Site water stress was examined with '3C1'2C isotope ratios of current-year

foliage, taken from the upper crown third of dominant and co-dominant trees, and

expressed relative to a standard (Pee Dee belemnite) as '3C. The ratio 13C in plant

material typically ranges between -20 and -30% and are negative because plant

material contains less 13C than the standard. This ratio, '3C, provides a direct,

photosynthate-weighted estimate of leaf-internal CO2 partial pressure (Ci), and so

should correspond to an index of site water stress provided several assumptions hold

(Farquhar et al. 1989). Less negative '3C values correspond to lower C1's and

therefore, greater water stress in the foliage. Foliage S' 3C were analyzed using an

isotope ratio mass spectrometer (Delta Plus, Finnigan, Bremen, Germany) at the

Idaho Stable Isotopes Laboratory, University of Idaho, Moscow. Approximately 5 g

of the composited sample was pulverized with a ball mill to talc consistency, and a 2

mg subsample was used. Precision for '3C was assessed using an in-house

standard, with an average standard deviation of 0.06% (n=9). Foliage [NJ was

determined simultaneously using a combustion elemental analyzer (Carlo Erba NC

2500, Milan, Italy). Ten blind duplicates were included, with an average absolute

deviation of 0.047%, and standard deviation 0.042%.

Foliar nitrogen (fresh and litter) was analyzed at a separate lab to check

consistency. Approximately 8 g of the foliage samples were re-milled to flour-like

consistency using a ring grinder. C and N were determined on approximately 10 mg

subsamples using a Fisons (Carlo-Erba) NA-1500 NCS combustion elemental

analyzer. Precision for [NJ was checked using NIST peach leaves (102% of

certified value, std dev 0.02%, n=4) and NIST pine needles (101% of published

value, std dev 0.02%, n=8). Concentrations of B, Ca, Cu, Fe, K, Mg, Mn, P, S and

Zn were determined on 0.25 g subsamples with very high-pressure, closed-vessel

microwave acid digestion (Questron Corp Q-Lab 6000) followed by ICP analysis

(ARL 3560 simultaneous ICAP). Sulphate sulphur was determined on 0.5 g
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subsamples extracted by boiling in 40 ml of 0.01 N HC1 followed by ion

chromatography (Waters Corp. "ActIon Analyzer", Vydac 3021C anion column).

Replicate [N] and other macro and micro nutrient analyses were done by the British

Columbia Ministry of Forests Analytical Laboratory, Victoria. Duplicate [N]

estimates were compared between the two labs and the Idaho lab was found to give

uniformly higher values (mean +0.09%, n=36). Between lab differences were very

consistent, with a standard deviation of 0.072%. All subsequent analyses were

based on the Idaho lab results.

Results

Biomass estimation

Branch sampling with probability proportional to BD2 (pp-BD2) is an efficient

procedure for obtaining unbiased, individual-tree foliage mass estimates (Gregoire

et al. 1995). Mean standard errors for current-year and older foliage masses were

10.6 and 9.0% (max 24.1 and 15.5%), respectively, and were unrelated to foliage

mass. The mean proportion of the total branch basal area sampled within a tree was

0.22, indicating that about 22% of the total foliage (both current-year and older) was

sampled. The precision gained using pp-BD2 sampling over simple random branch

sampling is attributable to the strong correlation between BD2 and foliage biomass

(W,). These correlation coefficients were generally high, with averages across sites

of r = 0.88, 0.82 and 0.64 for current-year foliage from the upper, mid and lower

crown-thirds, respectively, and r = 0.91, 0.89 and 0.76, for older foliage from upper,

mid and lower crown-thirds.

Site-specific prediction equations for current-year and older foliage masses

were developed by linear regression with logarithmic transformation of W and the

predictor variables. The transformation helped address slight curvature in the

relationships and maintain homogeneous variance. Indicator variables allowed for
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site-specific intercept and slope parameter estimates on the log-scale. The fitted

model was,

ln() = t[b111 +b21I ln(D2H)]+b3 ln(lcr)

where I is an indicator variable for site (14 sites), D=dbh, H=total height, and icr =

live crown ratio. All tenns were highly significant (p < 0.00 1) for both current-year

and older foliage mass. The parameter estimates for icr were statistically similar

among sites for both current-year and older foliage mass (p>O.45), so pooled

estimates were used. Approximately 93 and 94% of the variation in current-year

and older foliage, respectively, was accounted for by the model with no apparent

departure from constant variance and normality of residuals. Parameter estimates

varied considerably among sites, as expected, given the wide range in site

productivity and structure. Log-bias was addressed by adding mse/2 to the

predicted ln(W1) (Flewelling and Pienaar 1981).

Foliage biomass, nitrogen nutrition and carbon isotope ratios

Sites varied widely in aboveground productivity, leaf area index (LAI) and peak

foliage mass (Table 4). Whole-crown current-year foliage mass (W in Tables 3 and

4) ranged between 830 and 2790 kg ha1. Current-year foliage nitrogen contents

(Ne) were 8.9 to 33.1 kg ha'. Older foliage nitrogen contents were 44 to 119 kg ha
'. Estimated retranslocated-N (Nr) and litterfall (Wi) varied about 2-fold between

sites (Table 4). Annual litterfall (W1) was greater than W, with the exception of

sites 5 and 20, indicating a net foliage loss over the year. Relative growth rate of

foliage (RGRf, Table 4) varied between 0.13 and 0.27 yr1, and was correlated with

W (r = 0.66). Peak LAI's were low to moderate, ranging between 1.4 and 3.3,

projected.



Variable Definition

W
Wc
Wo
WI

[Ne]
[N]

[N0]

[N0]

[N,]
N
N0
N1

SNA
LAI
Nri

Nr
PN
RGRf
RURf

'3cC
o

13C0

o

Whole-plant biomassx
Current-year foliage biomass
Older foliage biomass
Litterfall biomass
Current-year foliage nitrogen concentration
Current-year, upper crown-third foliage nitrogen
concentration, dominant and co-dominant trees
Older foliage nitrogen concentration
Older, upper crown-third foliage nitrogen
concentration, dominant and co-dominant trees
Litterfall nitrogen concentration
Current-year foliage nitrogen content; [NfW
Older foliage nitrogen content; [N0]W0
Litterfall nitrogen content; [N1] W1
Specific needle area, projected
Leaf area index, projected; (W+W0)SNA
Retranslocated nitrogen from senescing foliage;
([N0]-EN1])W1
Retranslocated nitrogen from older to current-year
foliage; ([NC]-[No])WC
Total retranslocated nitrogen; Nri + Nrf
Nitrogen productivity
Relative growth rate of foliage; W/W0
Relative uptake rate of nitrogen in foliage; NC/NO
Current-year foliage carbon isotope ratio
Current-year, upper crown-third foliage carbon
isotope ratio, dominant and co-dominant trees
Older foliage carbon isotope ratio
Older, upper crown-third foliage carbon isotope ratio,
dominant and co-dominant trees

a Used only in Eqn 1 and Fig 1.

Units

g
kgha'
kgha'
kgha'
%
%

%
%

%
kgha'
kgha
kgha'
m2/kg
m2/m2
kg ha'

kgha'

kgha'
kg (kg N yr)'
yf'
yf'
%o

%o

%o

%o
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Table 3. Variable definitions and symbols used throughout the text. Variables with
limited usage are defined in the text.



Table 4. Site productivity, foliage and nutrient characteristics and 6'3C values. See Table 3 for variable definitions.

a Projected
b Foliage from upper-crown third, dominant and co-dominant trees
C Brown foliage only

Site W W0 N N0 RGRf LAIa 13c b
Cu [N] W1C N-Retranslocation

Nri Nrf
(k ha') (kg ha1) (kg ha') (kg ha') (yf') (%o) (%) (kg ha') (kg ha1) (kg ha')

5 2373 11171 29.1 110.0 0.21 3.3 -25.0 1.26 1941 8.0 5.7
7 1185 6835 12.0 56.3 0.17 1.9 -25.3 1.05 1435 6.3 2.3

8 1295 6871 13.3 55.6 0.19 2.0 -26.0 1.11 1795 8.8 2.8

9 964 5460 10.8 54.3 0.18 1.5 -24.8 1.19 1527 8.0 1.3

11 1427 8744 15.9 82.5 0.16 2.4 -24.9 1.00 2275 11.7 2.5

12 2236 11085 26.5 113.6 0.20 3.2 -25.0 1.32 2251 11.4 3.6

13 1123 5063 11.4 44.2 0.22 1.5 -25.4 1.01 1915 8.2 1.6

14 1216 6562 11.8 56.4 0.19 1.9 -25.5 1.06 1617 7.0 1.4

15 889 4959 9.4 44.5 0.18 1.4 -25.1 1.09 1309 6.5 1.4

16 832 6588 8.9 56.5 0.13 1.8 -23.2 1.01 1693 8.5 1.8

17 1021 6726 10.7 64.7 0.15 1.9 -23.0 1.02 1500 9.0 0.9
18 1811 6884 20.2 70.8 0.26 2.1 -26.2 1.18 2396 12.9 1.6

19 1642 11343 17.1 110.6 0.14 3.1 -23.7 1.06 2709 14.4 1.1

20 2789 10482 33.2 118.5 0.27 3.2 -25.2 1.36 2769 15.2 1.6
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There was a 3.2%o difference in o13C1, with values between 23.0 and -

26.2% (Table 4). Less negative ö'3C values correspond to lower C1's and therefore,

greater water stress in the foliage. The [N] range was moderate, between 1.00 and

1.36% and was uncorrelated with Ô'3C (r=-0.33, p=O.24), although droughtier sites

tended to have the lowest [Nw]. Whole-canopy nitrogen concentrations for current-

year foliage, [Ne], were between 0.97 and 1.23%, and between 0.81 and 1.13% for

older foliage, [N0].

Nitrogen productivity

The relationship between current-year foliage growth and canopy nitrogen content

(eqn 3) was strong (Figure 2a). This relationship was fitted with weighted linear

regression with R2=0.82 and 'jfnse=256, and the model form and parameter

estimates are shown in Table 5 (model 2). The intercept was non-significantly

different from zero (p = 0.59) and was dropped from the model. The PN concept

predicts that much of the variance in this relationship can be explained by co-

occurring environmental stresses (such as water stress or self-shading), however, the

relationship between W and N0 should remain linear. The influence of water stress

was indicated by plotting residuals from model (2) on Ô'3CCU (Fig 2b). Droughtier

sites (less negative 13C) were consistently over-predicted by model (2), and vice

versa. When '3CCU was added as a covariate (Table 5, model 4) significant gains in

precision resulted, with R2=0.95, qfnse=135.9, and CV9.1%. All terms were

highly significant (p < 0.001), with the exception of the intercept (p=O.76) which

was dropped from the model. The precision gained by including the ö'3C term

was substantial, given that the 'qfnse was reduced by 47%, from 256 to 136. It was

also interesting that un-weighted linear regression for model (4) met the

assumptions of normality and homogeneous variance, suggesting ö'3C acted as a

multiplier (not additive) on the specific productivity of N0.
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The form of the relationship predicting new foliage growth followed the PN

concept exactly. That is, there was a linear relationship between W and N0, which

was modified by other environmental stresses (in this case water stress) acting to

depress the PN slope (Fig ib). The sites differed in water stress, with more droughty

sites (or years) indicated by less negative &3C values. The PN concept does not

stipulate the form of the relationship for non-nitrogen stresses (linear or non-linear),

however, a squared term for '3C in model (4) did not contribute significantly

when added to model (4) (p=O.35). Retranslocated-N was tested as an additional

covariate (modif'ing the intercept) and likewise was found to be non-significant

(pO.79). Both W and N0 were uncorrelated with '3C, (p=O.34 and p=O.7l,

respectively) (Fig 3). Older foliage mass (W0) performed more poorly than N0 as a

predictor of W (Table 5, Model 1). Including &3C explained only 84% of

variation in W (Table 5, Model 3) suggesting that [N0] was important to W, in a

similar manner as

The strong fit of model (4) suggests the system is largely driven by nitrogen

and water dynamics. Environmental stresses, unrelated to nitrogen availability, are

predicted to act orthogonally to canopy nitrogen content (Ingestad and Agren 1995).

In other words, indices of water stress are not necessarily correlated with N0, which

is shown in Fig 3. It was apparent that nitrogen and water stress differed

independently within a site but determined tree growth interactively.

An alternate form of the PN concept relating RGRf to [N0] was fitted in a

similar manner (eqn. 2). This relationship was significant (p=O.001) without '3CCU

as a covariate, but relatively imprecise (R2=O.28, hise=3.47). Significant gains in

precision resulted with the addition of &3CCU as a covariate,

RGR1 =[N0].(_6s.32_3.44s13c) (4)

All terms were highly significant in this model (p<O.001), and 84% of the variation

in RGRf was explained (,,hise=1.74) (Fig 4a). The intercept term was non-
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a Coefficient of variation = (-.Jmse /
b Variables used as weight in linear regression

significant (p=0.54) so was dropped from the model. Again, increasing water stress

depressed the slope of RGRf for a given [N0], with the fitted relationship shown in

Fig 4a. Interestingly, &3C was a much better predictor of RGRf than [N0] (Fig

4b). The additional sums of squares gained by adding the &3C term was twice that

for a model with only [N0], as reflected in the large R2 increase between models

(0.28 to 0.84). The conelation between [N0] and ô'3C was non-significant (r0.03,

p=O.9), and indicated that they were determined independently in the environment,

but worked interactively to determine RGRf, as represented in Eqn (4).

Nutrient retranslocation and proportions

Nitrogen retranslocated from senescing foliage (Nri, defined in Table 3) ranged

between 6.3 and 15.2 kg ha' and was positively correlated with N (r=0.62) and W

(r=0.65). This N represented 28-96% of N (Table 4), and this percentage was

negatively conelated with N (r=-0.74) and W (r=-0.73). Nitrogen retranslocated

from older to cunent-year foliage (defined in Table 3) ranged between 0.9 to 5.7 kg

ha1. Total retranslocated-N (Nr) was positively conelated with both N (r0.83)

29

Table 5. Model form, parameter estimates and model fit statistics for models
related to the nitrogen productivity concept (eqn 3). Model (4) is shown in and Fig
2a. See table 3 for variable definitions.

Model Equation form and
parameter estimates

se CV a b

(1) W =0.190W0 0.71 304 24.2% WO2

(2) W, =20.15N0 0.82 256 20.9% NO2

(3) w, =w0(_o.677_o.o3sl.s13c) 0.84 253 17.0% 1

(4) r,J,=N0(_72.o9_3.71.8l3C) 0.95 136 9.1% 1
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Table 6. Foliage nutrient ratios relative to nitrogen. Foliage was sampled from the whole-crown, composited from
between 48-72 branches with weights proportional to expected foliage mass of each branch and tree to the plot totals.

a From Ingestad (1979)
b Optimal ratios were relative to a nitrogen concentration of 100 (mass-based)
C Standard deviation

Nutrient
ratio

Optimal a

Mean

Current-year foliage

(std)c range Mean

Older foliage

(std) range

N 100b

P:N 15 16.0 (1.20) 14.1 - 18.4 13.1 (0.92) 11.6- 14.4
S:N 9 6.3 (0.73) 5.2 - 7.7 7.4 (0.53) 6.5 - 8.3

Mg:N 5 8.7 (0.69) 7.5 - 9.9 9.7 (1.22) 7.6- 11.6
Ca:N 5 9.8 (1.00) 7.9- 11.3 32.1 (5.01) 25.2 -41.8
K:N 50 66.4 (3.81) 58.5 - 75.6 55.4 (430) 47.2 - 62.7
B:N 0.2 0.15 (0.02) 0.12-0.18 0.23 (0.026) 0.18 - 0.26

Fe:N 0.7 0.36 (0.29) 0.20- 1.31 0.76 (0.23) 0.40- 1.21
Mn:N 0.4 1.40 (0.35) 0.79 - 2.08 4.35 (1.64) 1.78 - 8.03
Cu:N 0.03 0.036 (0.005) 0.030 - 0.047 0.043 (0.007) 0.033 - 0.058
Zn:N 0.03 0.27 (0.03) 0.23 - 0.33 0.44 (0.15) 0.29 - 0.88



Table 7. Foliage and litterfall nutrient concentrations. Foliage was sampled from the whole-crown, composited from between
48-72 branches with weights proportional to expected foliage mass of each branch and tree to the plot totals. Litterfall values
were from brown litter only.

a Standard deviation
b Does not include site 19 older foliage which was 611 ppm

Nutrient Units
Mean

Current-year foliage
(std)a range Mean

Older foliage
(std) range Mean

Litterfall
(std) range

N % 1.086 (0.076) 0.974 - 1.227 0.940 (0.090) 0.809 - 1.125 0.442 (0.079) 0.318-0.58
P % 0.162 (0.011) 0.136 - 0.183 0.12 1 (0.0 11) 0.103 - 0.145 0.07 1 (0.008) 0.058 - 0.082
S % 0.064 (0.006) 0.054 - 0.072 0.068 (0.006) 0.060 - 0.083 0.039 (0.005) 0.03 1 - 0.049

Mg % 0.088 (0.007) 0.0765 - 0.1 0.089 (0.009) 0.069 - 0.109 0.085 (0.008) 0.073 - 0.099
Ca % 0.100 (0.0 11) 0.08 -0.117 0.294 (0.026) 0.250 - 0.348 0.384 (0.045) 0.3 12 - 0.440
K % 0.675 (0.043) 0.605 - 0.737 0.509 (0.030) 0.463 - 0.582 0.293 (0.038) 0.21 - 0.349
B ppm 15.4 (1.9) 11.9- 18.5 20.8 (2.1) 17.4 - 24.6 21.4 (3.48) 16.4 - 27.0

Feb ppm 37.0 (29.2) 20.3 - 133.4 69.7 (22.4) 40.4- 123.6 75.7 (22.7) 42.4 - 122.7
Mn ppm 141.8 (32.0) 88.4 - 197.5 392.8 (125.7) 200.8 - 656.4 482 (151) 188 -690
Cu ppm 3.61 (0.46) 3.1 -4.4 4.04 (0.59) 3.4-5.6 2.90 (0.63) 2.3-4.8
Zn ppm 27.6 (3.0) 23.0 - 32.2 40.3 (14.2) 28.6 - 84.8 36.0 (8.1) 24.9 - 53.8
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and W (r=O.88). The different sources of retranslocated-N (Nrj and Nrf) were not

significantly correlated (ç)=O.69).

Nutrient proportions relative to whole-crown [N], were assessed to identify

other possible nutrient limitations. These ratios were compared against published

optimal proportions, identified through careful experimentation with tree seedlings

(Ingestad 1979) (Table 6). Little variation in nutrient proportions was apparent

among sites (CV's generally < 15%) with the exception of Fe, Mn and Zn (Table 6).

It was apparent that S, B and Fe were possibly deficient in current-year foliage, with

their ratios to N less than optimal, and P may become limiting in older foliage. This

approach for identifying nutrient limitations is still being debated, however, and

optimal ratios have not been established for ponderosa pine.

Nutrient concentration differences between current-year and older foliage

were also assessed to identify possible limitations, since it is expected that plant-

mobile limiting nutrients would show higher concentrations in current-year foliage

(Table 7). Nitrogen, P and K showed higher current-year foliage concentrations,

possibly suggesting a limiting nutrient, with the remaining nutrients either

equivalent (S, Mg, Cu), or greater in older foliage. Both Ca and B are thought to be

plant-immobile (never found in the phloem) and the trace metals (Fe, Mn, Zn and

Cu) are thought to be relatively plant-immobile (Marschner 1995).

Discussion

Mtrogen productivity

Current-year, annual foliage growth (We, kg ha1) was the primary response variable

in this study. Dense stands tend to have lower branch-wood allocation per unit leaf

area (and therefore greater stemwood growth efficiency) due to allometric

differences in physiological and mechanical support requirements (Shidei and Kira

1977, Long and Smith 1990). For these reasons, stemwood or basal area growth are
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often poorly correlated with LAI. In this study, basal area growth was not expected

to be well correlated with LAI or resource flux due to large differences in stand

density and crown form (Smith and Long 1989). It is unknown how strongly ANPP

is influenced by stand structure in ponderosa pine, although this was clearly shown

in herbaceous plants by Hiroi and Monsi (1966) and discussed from a theoretical

perspective by Cannell (1989). Annual foliage growth, W, is a major sink for

nitrogen and should be correlated to N-supply. ANPP, conversely, has a large

woody tissue component which has a lower [N], and ANPP should, therefore, be

more influenced by photosynthate supply than nitrogen supply (Ericsson 1995).

That is, new foliage growth should be more tightly coupled to the entire suite of

resources (light, water and nutrients) and to annual differences in these resources

than ANPP.

Models based on the PN concept predicted new foliage growth with a high

degree of precision (Table 5, Model 4). In addition, the PN concept provided an

adequate representation of co-occurring stresses, namely, nitrogen and water. Each

appeared to act independently (orthogonally) on current-year foliage growth, and

followed the model form predicted by the PN concept (Eqn 3). There was a strong,

linear relationship between W and N0, with the slope of this relationship influenced

by non-nutritional stresses, in this case water stress (Fig 2). Sites with increasing

water stress (less negative b13C) showed a lower PN. This is expected when a

particular stress (such as light, temperature or genotype) influences the specflc

productivity of foliage, rather than the amount or distribution of the current canopy

foliage mass. These stresses will eventually influence canopy-level foliage mass in

a feed-back loop, but for a single year, the primary influence is to depress the

specific productivity of the foliage, and are thus, orthogonal to N0 (Ingestad and

Agren 1995, Agren and Bosatta 1996). These results suggest that the soilsite

productivity relationship in ponderosa pine in central Oregon is very simple, with

the primary limiting factors being nitrogen and water stress (Fig 2).
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The PN concept is largely empirical, originating from a series of well

designed seedling studies to investigate the relationship between nutrition and

growth (Ingestad 1979, Ingestad and Kahr 1985). These studies showed the

connection between internal nutrient concentration, root:shoot ratios, RGR and

relative nutrient proportions (Ingestad and Agren 1995). The primary appeal of the

PN concept, however, was the demonstrable link between the parameters driving

growth and environmental conditions or resource flux. In other words, there was a

clear and tractable link between site resources and growtha necessary basis for

understanding soilsite productivity relationships. The PN concept provided an

empirically-derived model linking growth to nitrogen uptake rates, and it provided a

conceptual model for factoring the effects of non-nutritional stresses (Ingestad and

Agren 1995). In designed experiments, these nutritional and non-nutritional factors

are explicitly defined; in observational studies, such as this one, the environmental

parameters are not manipulated directly but the fundamental link between the

environment and growth is retained. The 'driving' variables defined in this study

were N0 and 13C1, both of which have a clear environmental basis (see the next

section).

Models based on the PN concept showed RGRf was constant for a given [N0]

(Eqn 4, Fig 4a), although this relationship was strongly influenced by water stress

(Fig 4b). &3CCU accounted for much of the residual variation not accounted for by

[N0] in Eqn (4). Current-year water stress, &3CCU, influenced the specific

productivity of the existing, older foliage, depressing the slope of the relationship

shown in Fig 4a. This relationship also highlights problems with using [N] to assess

site- or tree-productivity without information on total foliage mass and concurrent

stresses.

The relationship between RURf of nitrogen (foliage-based estimate) and

RGRf was linear and tended to be depressed for higher RGRf's. This relationship is

axiomatic within this study, since the same data were used for both forms of the

equation. The exact difference between RGRf and RURf is explained by higher [N]
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of current-year versus older-foliage. This can be seen from the form of the

relationship in eqn 1. This relationship may not, in reality, follow a 1:1 identity

from year to year, if current-year nitrogen concentration in foliage varies (or if

whole-seedling nitrogen concentration systematically increases or decreases over

time). The relationship between RGRf and RURf is not important, per Se, what is

important (interesting) are the physiological differences that arise within plants with

different RGR's and how these are correlated to nitrogen uptake rates (Ingestad and

Agren 1995). Soil-based estimates of nitrogen relative uptake rate (RLTR) were

poorly correlated with RGRf (see Chapter 3). These RUR estimates were very

coarse, however, and they omitted potentially large internal pools of nitrogen in

older foliage and woody-tissue storage that may be drawn down (or increased)

within a particular growing season. RUR also did not account for likely differences

in nitrogen allocation to below-ground vs. above-ground tissues. Little seems

known about controls on internal nitrogen pools, or on [N] in different foliage aged-

classes. Long-lived plants, such as ponderosa pine, are likely buffered from

seasonal variability in nitrogen uptake. Within a given year, the difference in

seasonality of nitrogen uptake versus nitrogen allocation in growth provides some

buffering (Tingey et al. 1996). Much of the nitrogen uptake in ponderosa pine

occurs in the wet fall and early spring months before shoot growth (Monleon et al.

1997, Chapter 3). These months do correspond to periods of active root growth, but

it is likely that excess nitrogen is retained in the foliage or woody-tissue storage

sites prior to shoot growth (Aerts and Chapin 2000). Departure of RURf from a 1:1

relationship with RGR does not invalidate the PN concept or diminish the insights it

provides into plant growth and function. This departure does, however, highlight

several difficulties with matching soil-based estimates of nitrogen supply with those

based on plants. First and foremost is our lack of understanding of N storage and

re-translocation, since these can often equal a single-year's nitrogen uptake. On a

positive note, a buffered system is much simpler to predict from a soilsite

productivity standpoint. Unpredictable, yearly variations in rainfall and temperature
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that influence soil mineralization rates should not be as influential on ANPP as they

are in annual plants.

Physiological basis of nitrogen productivity

The PN concept predicts a linear relationship between W and N0, and that water

stress (indexed by ô'3C) has a multiplicative effect on W. The variable N0 is

simply W0*[N0], and both of these terms have been shown to be linearly related to

annual carbon assimilation. W and W0 are related to LAI by SNA. SNA's were

different among sites, but these differences were small compared to the differences

in total foliage mass (Table 4). Total intercepted photosynthetically active radiation

(PAR) is also influenced by self-shading of foliage and interception by non-

photosynthetic tissues, both of which are expected to differ among these sites due to

crown form differences. Monteith (1981), working with field crops in Britain,

presented data showing that annual ANPP is strongly related to total intercepted

radiation. This relationship was confirmed for different tree species by Linder

(1985), Grace et al. (1987), and Dalla-Tea and Jokela (1991). The relationship

between light-saturated photosynthetic rate (Amax) and [N] is also linear and positive

(for a constant g) across a broad range of [N] (Field and Mooney 1986, Bond et al.

1999). Stand LAI's ranged between 1.4 and 3.3 (Table 4), so shading in the lower

canopy was not likely important to the LAIproduction relationship. Both of these

relationships together suggest a linear relationship between carbon assimilation and

N0. However, this may not translate into a linear relationship between N0 and W

for two reasons examined next (although a strongly linear relationship was shown in

this study).

First, shifting carbon allocation patterns, especially root:shoot ratios, may

reduce W to a greater degree than ANPP. Second, growth of new foliage can be

severely reduced if sufficient nitrogen and other nutrients are not available. This

distinction between photosynthesis and growth was made by Ericsson (1995) who
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pointed out the nutrition requirements of growth are often not met in situations

where overall photosynthesis is increased. McDowell et al. (2002) presented

evidence for increased photosynthesis in mature ponderosa pine in central Oregon

immediately following thinning, and demonstrated much of these gains were due to

greater water availability. They were not able to account for the extra carbon in

aboveground growth and surmised that the 'missing' carbon was allocated

belowground. They also showed, indirectly, that new foliage growth did not

increase until 2-4 years after thinning. It is likely, in their study that nitrogen was

the main limiting factor to foliage growth after thinning. A similar disconnect

between photosynthesis and growth may arise in many situations, possibly leading

to a non-linear relationship between N0 and W across sites or treatments.

The PN concept predicts that the slope of the relationship between W and N0

is depressed by increasing water stress. In this study, as expected, less negative

13CCU values (higher water stress) showed a lower slope (lower PN). The

relationship between PN (slope) and &CCU appeared linear (not quadratic), and this

linearity can be explained physiologically. 1C is related to carbon isotope

discrimination (A'3C) by,

A'3C = (5'3Ca13Cs)I(1+513CsI1000)

where subscripts a and s refer to air and sample material, respectively. This

relationship is virtually proportional across the normal range of 13C although the

scale is shifted and the sign is reversed because 13Ca= 8%.

VonCaemmerer and Farquhar (1981) showed that photosynthetic rate (A)

could be represented as,

A = gs(Ca - C1),
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where gs is stomatal conductance, and C1 and Ca are leaf-internal and atmospheric

CO2 partial pressures, respectively. This rearranges to,

= CaAIgs.

Farquhar et al. (1982) presented the relationship between A13C and C, showing,

A13C =a+(13_a)*Cj/Ca

where a and f3 are constants for diffusional (4.4%o) and Rubisco (27-29%o)

discrimination, respectively. This relationship is an often cited result, showing that

A13C gives a photosynthate-weighted measure of C. It follows (with some

algebraic rearrangement) that,

A'3C X -A / g (notice the negative sign)

which shows that A13C is functionally related to a ratio of demand (A) to supply

(ga). As A increases, for a given gs, discrimination of the heavier carbon isotope '3C

will decrease due to substrate limitations at the site of carboxylation (Farquhar et al.

1989). Photosynthetic rate (for a given g and PAR) is expected to be linearly

related to [N] for the low values of [N]'s found in this study (Evans 1989, Bond et

al. 1999). All this suggests the last equation can be written as,

where [N] is essentially constant at a site. The relationship between A and g is not

linear because g increases faster than A in response to increasing water availability

(Meinzer et al. 1993). This would suggest a non-linear, diminishing effect of water
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stress (13C) on the specific productivity of the foliage; however, a linear effect was

found in this study with considerable variation (Figs 2 and 4). Only a weak

correlation was apparent between 13CCU and [N], (r = -0.33, p=O.24), which

suggested that not all the variation in the &3C values were due to [N] differences,

and that 13C was indexing realized water stress at the foliar-level. It is likely that A

differed across the range in [N] (1.00 - 1.36%) and therefore, the &3CCU values

would have underestimated the true spread in foliar water stress. The 13CCU term

should act as a multiplier (not additive) on photosynthetic rate since 13C is

measured at the leaf-level. This would result in the equation forms given in Eqn 4

and Model 4 (Table 5), of linear isopleths radiating from a common intercept, rather

than parallel ones for each &3C value (Figs 2a and 4a).

Stomatal conductance is influenced by many, often interacting factors. Soil

water availability was certainly a major factor in these seasonally dry ponderosa

pine sites. In addition, differences in the hydraulic architecture of the root to leaf

pathway have been shown to influence leaf-measured water potential and stomatal

conductances. Ewers and Zimmermann (1984) showed clear hydraulic

'constrictions' at branch junctions, with decreased xylem condctivity in adjacent

branches compared to the stem. Stomatal conductivity (and thus 3C) are also

thought to be influenced by stem and branch xylem conductivity along the root to

leaf pathway (Yoder et al. 1994, Hubbard et al 1999). There were large site

differences in Ô3C found in this study, but it was unclear how important tree-

structural factors were to these 13C values.

Agren and Bosatta (1996) completed a similar analysis for light, showing

that nitrogen productivity (e.g. slope) should follow a rectangular hyperbola with

increasing light intensity (p142). This pattern has not been empirically tested,

however, outside of seedling studies (Ingestad and McDonald 1989). It is unlikely

that self-shading of foliage was important in this study, given the moderate LAI's

(1.4-3.3 projected) (Table 4). Total intercepted PAR would have likely fallen

between 34-63% or 43-73% across the sites, estimated using the Beers-Lambert
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Law with extinction coefficients (k) of 0.3 and 0.4, respectively. A relatively low k

value is typical of Pinus species and reflects clumped shoots and incomplete canopy

coverage (Gholz et al. 1994). Photosynthetic rates of individual needles are close to

saturation at 30-35% of full-sunlight in ponderosa pine (600-700 mol m2 s'),

although this saturation point is somewhat sensitive to canopy position (Bond et al.

1999). Nutrient stresses other than nitrogen were not assessed in this study. Agren

and Bosatta (1996, p131) discussed the influence of different nutrient stresses. They

pointed out that nitrogen status (N0 and [N0]) would reflect other possible nutrient

stresses, because nitrogen occurred in fixed proportions with the other nutrients

(Ingestad 1979). The possibility of different or co-limiting nutrient stresses at these

sites is discussed later.

Towards an environmental basis ofproductivity

The PN concept provides three advantages to the analysis of environmental controls

on plant growth. First, the spatial and temporal scale of PN makes this concept

relevant for integrating different stresses at a whole-stand, annual scale which is

relevant to many forestry problems. The primary objective of this study was not to

predict plant growth, but to investigate what factors are driving the soilsite quality

relationship in ponderosa pine. For this purpose, the PN concept had a very relevant

scale and utilized variables with a clear environmental basis. The second advantage

is that the PN concept allows the effects of different stresses to be partitioned (Fig

2a). A similar approach was advocated by Jarvis and Leverenz (1983) and Cannell

(1989) who linearly related growth to intercepted PAR and then adjusted growth

rate downwards due to different stresses (as in Fig 2a). The third advantage of the

PN concept is through the link between the realized physiology of a plant (foliage

mass, nutrient status, root:shoot ratio) and resource fluxes in the environment. In

contrast, the models of Jarvis and Leverenz (1983) and Cannell (1989) do not
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provide an explanation for why stands vary in [N] or root:shoot ratio, both of which

are linked to nutrient flux density of the soil through the PN concept.

The results of this study contradicted the widely held belief that water and

nitrogen stress are tightly coupled (Schulze 1991, Marschner 1995, Kramer and

Boyer 1995). This is often the case in annual plants or fast-growing trees where

nitrogen and water uptake are tightly coupled, both through the mass-flow delivery

and through the relationship between soil-moisture and N-mineralization. This

study showed water and N stresses were operating largely independently at these

sites, probably for several reasons. First, these mature stands had large, established

canopy LAI's, and current-year N-availability was not as important total foliage

mass and light interception as in small, rapidly growing plants. Second, N-

retranslocation was very important to the N-supply to current-year foliage, again

reducing the importance of current-year N-supply to productivity and growth.

Third, N-uptake and N-allocation in growth are not synchronized, suggesting an

internal mechanism for enhancing N-supply during drought conditions. N-uptake is

limited to the late fall and early spring when soil moisture in the upper 20 cm is

adequate for mineralization and root activity (Chapter 3). Conversely, foliage

elongation occurs through much of the dry summer months. Certainly, soil moisture

and N-mineralization rates are tightly coupled, but the source of plant-available

water in the soil profile probably varies over the growing season, shifting to deep

soil sources in the dry summer months. Nitrogen mineralization, however, is

limited to the upper 10-20 cm of the soil (Binkley and Hart 1989, Monleon et al.

1997). These sites often have a moist subsoil below the Mt Mazama ash layer, even

in late August (Barrett and Youngberg 1965, pers obs).

The PN concept lacks a statement of plant strategy, necessary for a coherent

theory of plant growth. The time scale used (annual in this study) is not suitable for

identifying the processes that regulate plant form and physiology in a changing

environment. The timescale limits observations to current physiological states, and

does not allow a statement of the important processes that were resolved into the
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current plant form. For example, water stress was shown to influence productivity

by depressing the specific productivity of the foliage (Fig 2), but the PN concept

does not provide a clear link between water stress and LAI or N0. Carbon and

nutrient allocation is central to any theory of plant strategy, since it is the primary

mechanism plants use to adapt to long-term changes in their environment (Geiger

and Servaites 1991). The PN concept does incorporate carbon allocation (root:shoot

ratio), although primarily through empirical results. That is, in a changing

environment the PN concept cannot predict the root:shoot ratio shift a priori, nor

offer an explanation for why this shift is more extreme in certain species.

Ericsson and Kahr (1993) and Ericsson (1995) began to examine the link

between PN and carbon allocation in response to different nutrient and light stresses.

They presented an elegant analysis of root:shoot partitioning in response to (as an

end product of?) different nutrient stresses, showing that the transport-resistance

model of Thornley (1972, 1998) matched empirical results well. Specifically, they

explained for why Mg, Mn, K and Fe stresses did not induce an increased root

fraction, as was the case for all other nutrients (Ericsson 1995). Interestingly,

Ingestad and McDonald (1989) also showed that light stress did not induce a

decreased root fraction, as was commonly expected. The idea that plants alter

internal allocation rates of carbon and nutrients to 'equalize' various stresses has

been proposed by Chapin (1991), was independently described by Field (1991) as

the functional convergence hypothesis, and was included by Mooney and Winner

(1991) in their set-point argument. These ideas have generally been proposed in the

form of teleonomic, or 'goal-seeking,' models where plant 'seek' to maximize

growth rates (but see Dewar 1996, Chen and Reynolds 1997 and Thornley 1998).

[Minimizing stress is the inverse of maximizing growth, since stress is most often

defined as a reduction in the production of dry matter (Chapin 1991).] The results

of Ingestad and McDonald (1989), Ericsson (1995) and Ericsson and Kahr (1993)

contradict this idea that plants alter allocation rates to equalize stresses when Mg,

Mn, K, Fe and possibly light stress are involved.



Previous research

The PN range in this study varied between 14.1 and 24.2 kg dw (kg N)-' yf', with a

range between -23.0 and -26.2. Agren (1983) showed a broad range of PN

estimates, between 10 and 45 kg dw (kg N) yr'for a number of conifer species in

field settings.

The Biology of Forest Growth (BFG) experiment in radiata pine presented

PN estimates for ANPP in fertilization and irrigation treatments at a single site

(Raison and Myers 1992, their Fig 6a). Their relationship is shown however,

without accounting for multiple stresses. In particular, the strong, linear relationship

between N0 and ANPP across many years only occurs for 'wet' years, where there

was little difference between irrigated and non-irrigated plots. In drier years the

non-irrigated plots showed a markedly depressed PN. Myers (1988) and Raison and

Myers (1992) did present a water-stress integral calculated as cumulative, pre-dawn

water potential measurements (absolute values), and they showed annual basal area

increment was positively correlated with the water-stress integral (r=O.91).

Interestingly, the relationship between ANPP and W was weak (r=O.46) for the

same sequence of years (their Fig 4b), which implied the relationship between N0

and W was also highly variable. Their data showed the PN (of foliage) was highly

variable across treatments and years, but the cause of variation remains unknown.

Comeau and Kimmins (1986) showed that ANPP was positively correlated

with N0 in 30 mid-rotation lodgepole pine stands in the dry interior of BC, Canada.

They delineated xeric and mesic sites based on soil texture, drainage and rainfall

patterns, and they delineated by parent material into nutrient rich and poor sites.

There was considerable variation in the relationship between ANPP and N0,

(R2=O.63) but their data suggested that xeric sites tended to have a lower PN slope

(N0 ranged between 40 and 115 kg ha'). Nutrient status was shown to be weakly

44
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correlated with N0 and LAI, but there was no obvious difference in PN between

parent materials. Both results matched predictions from the PN concept well.

Water stress

Whole crown, current-year foliage 13CC was 0.5 to 1.5% more negative than 13CCU

(Fig 5). The difference between samples was due to inclusion of all crown-thirds,

plus foliage from small co-dominant and intermediate trees. Site ranking for 13CC

generally stayed the same, with some differences among similar sites. The more

negative values for whole-crown versus upper-crown dominants and co-dominant

trees may have been due to decreased irradiance in the lower crown and in

intermediate trees, lower vapor pressure deficits in the lower crown, higher CO2

partial pressures from respiration sources (which are depleted in 13C) in the lower

crown, and differences in the seasonality of net-photosynthesis (towards the wet

spring months). All these factors may influence isotopic composition of the foliage

to varying degrees. Older foliage was consistently more negative than current-year

foliage, irrespective of sample type (Fig 5). This was likely because the summer of

2000 (May-Sept) was the driest in 20 years in the nearby town of Bend (26 mm, avg

88 mm). At higher altitudes, the 2000 rainfall rates were even further below

average (based on local NOAA weather stations).

'3c provided a useful, foliage-level measure of water stress in this study,

which was well correlated with leaf-specific productivity (Figs 2 and 4). The

foliage samples were taken from the upper-canopy in dominant and co-dominant

trees. It was thought this sample material would better represent an index of water

stress across sites by minimizing differences in VPD, [N] and average irradiance.

The '3C range found in this study (3.2%o) suggested a wide difference in site

moisture stress. The weak correlation between [N] and 13CCU provided evidence

that site-to-site differences in '3C were primarily caused by water stress (Fig 3).

The linkages between &3C and specific environmental factors are less well
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Figure 5. Variation in foliar-6'3C among crown positions ages. The differences are
shown as sample type (613Cc, ö'3C0 or ö'3C0) minus ö'3C. See Table 3 for
variable definitions.
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understood. McNulty and Swank (1995) showed stemwood &3C within a site was

well correlated with site water balance during the growing season in Pinus strobus,

based on an indirect measure of soil water status. Similarly, Dupouey et al. (1993)

and Livingston and Spittlehouse (1996) showed good correlations between

stemwood 6'3C and estimated site water balance, and McDowell et al. (2002)

showed a strong correlations between 6'3C and the average summer, pre-dawn water

potential across several sites and thinning treatments in ponderosa pine.

Nutrient proportions

Nutrient proportions varied little among sites, despite a wide range in productivity

and environmental characteristics (Tables 1 and 4). Ingestad (1979) established

optimal nutrient ratios relative to N by experimentation in several conifer and

deciduous tree seedlings. These ratios varied only slightly among species or

experimental conditions, with K showing the widest range. Values shown in Table

6 are an average for Pinus silvestris, Pinus nigra and Picea abies, and were

conservative estimates (Ingestad 1979). These ratios were used to assess possible

nutrient limitations, other than N in these systems. The results were equivocal, with

possible 5, B and Fe deficiencies in current-year foliage and P in older foliage.

Sulfate-S (SO4) concentrations were determined for upper-crown foliage at all sites,

with concentrations of 5-55 ppm, suggesting most of the foliar-S was

physiologically active (Brockley 2000). Sulfur and N are linked physiologically and

N-fertilization can induce an S-deficiency in conifers (Turner et al. 1979, Brockley

2000). The optimal S:N ratio of 9 is not as well studied as other macro-nutrients,

and may be lower in ponderosa pine. Boron was also shown to be possibly deficient

in current-year foliage, however, it was not assessed in buds where B deficiencies

most often occur (Marschner 1995). Iron was highly variable across sites and

showed possible deficiencies in current-year foliage. Active Fe levels were not
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assessed, but fall soil assays indicated very low exchangeable Fe concentrations (<2

ppm) across most sites (Chapter 3). Soil B was not assessed.

Possible nutrient deficiencies were also assessed by examining

retranslocation rates from older to current-year foliage (Table 7). Nitrogen, P and K

all showed higher current-year concentrations, but S and Mg were similar. All of

the micro-nutrients are relatively plant-immobile, with B likely completely

immobile (Marschner 1995). Micro-nutrient concentrations were either similar or

higher in older foliage, possibly due to both poor current-year uptake rates and low

retranslocation. It is also not certain that higher current-year foliage concentrations

were due entirely to retranslocation. Iron concentrations were almost twice as high

in older foliage, and were sufficient except at two sites (18 and 20). The results of

Goransson (1993) and analysis by Ericsson (1995) suggest low current-year foliage

[Fe] at these sites is not critical. Iron is involved primarily in carbon-fixation

though electron-transport and enzyme activation, and a common symptom of Fe-

deficiency is low foliar starch concentrations (Marschner 1995). These functions

suggest that Fe-limitation would be less critical to current-year foliage growth than

to the photosynthetic capacity of that foliage. Older foliage [Fe] was probably

sufficient, and since W0 was 79-89% of peak foliage biomass, stand productivity

should not have been markedly affected. Obviously, direct fertilization studies

involving 5, B and Fe in the region would be helpful.

Numerous studies have shown positive growth responses to N-fertilization in

dry, inland NW and BC forests (Cochran 1973, 1977, Gower et al. 1992, Powers

and Reynolds 1999, and Brockley 2000). Sulfur fertilization on these pumice soils

has been advocated due to its relative scarcity (Youngberg and Dyrness 1965, Will

and Youngberg 1978). Tree growth has increased with S fertilization combined

with N in some studies (Cochran 1977, Brockley 2000, Kishchuk et al. 2002), but

never when applied separately (Youngberg and Dyrness 1965, Cochran 1977, Will

and Youngberg 1978). This study examined undisturbed sites, and fertilization or

disturbance may alter the relative nutrient availabilities and induce deficiencies not
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otherwise observed. Nevertheless, S-deficiency on some sites cannot be ruled out.

See Chapter 3 for further investigations of soil chemical properties and nutrient

fluxes.

Conclusions

The soilsite productivity relationship in central Oregon ponderosa pine

appeared relatively simple; new foliage production was largely controlled by

nitrogen and water availability. This relationship conformed with predictions of the

nitrogen productivity concept of Ingestad (1981) and Agren (1983).

Current-year annual foliage biomass production can be predicted with high

precision from canopy-level N0 and &3C. These variables have a clear

environmental basis since they are determined by nitrogen and water availability.

N0 is the net result of longer-term, cumulative nitrogen flux density (soil) and

nitrogen retention (canopy), and &3C reflects short-term (annual) water

availability.

Current-year, annual foliage production was weakly, but positively

correlated with soil-estimated N-uptake (Chapter 3). Retranslocated-N accounted

for a high proportion (47-116%) of current-year foliage nitrogen. Furthermore,

'new' foliage nitrogen (N - N) accounted for a small fraction of total canopy-N (-2-

11%). Nitrogen supply to current-year foliage likely comes from several sources,

and yearly variation in N-mineralization rates are unlikely to be directly correlated

with N or productivity (We). It is suggested that longer-term estimates of

cumulative N-fluxes (3-6 years) are needed to adequately assess N-availability.

Annual differences in water availability directly influenced the specific

productivity of foliage, and foliar '3C adequately assessed site water stress in
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ponderosa pine. It is likely that water stress also influenced foliage mass through

the amount and timing of foliage-drop; however, the exact mechanism affecting

senescence rates was not identified.

5. Foliage nitrogen content was shown to be correlated with stand-level foliage

production. Nitrogen concentration was shown to be correlated with RGRf through

the specific productivity of foliage. Furthermore, [N] was poorly correlated with all

measures of annual productivity and nitrogen availability. It is suggested that foliar

nitrogen concentration data without corresponding foliage mass information has

little value for predicting stand-level growth.
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Abstract

The relationship between annual foliage production (kg ha') and nitrogen

availability was examined in 14, mature ponderosa pine stands in central Oregon.

Annual soil nitrogen mineralization and uptake rates varied widely among sites (1-

52 and 5-58 kg ha' yf', respectively), estimated using in situ incubations. Current-

year foliage production and canopy N-contents were not significantly correlated

with nitrogen uptake rates. N-retranslocation rates were shown to be similar in

magnitude to soil N-uptake, and substantially increased N-availability. Foliar

nitrogen was highly conserved with a mean retention time of 10.5 yrs, which

averaged 2.2 times longer than foliage retention. Nitrogen retention was correlated

(r=0.43) with an index of site water stress based on stable carbon isotope ratios

(ö '3C).

The relationship between relative growth rate of foliage and relative uptake

rate of nitrogen was non-significant (p = 0.27). A close, linear relationship between

these was predicted by the nitrogen productivity (PN) concept of Ingestad et al.

(1981) and Agren (1983). A companion study showed that models based on the PN

concept predicted annual foliage production very precisely, and adequately

represented the different influences of nitrogen and water stress (Chapter 2). The

environmental link between the PN concept and nitrogen availability was tested in

this study, but was not confirmed. There were non-significant or negative

correlations between soil nutrient pools and foliar nutrient contents and

concentrations, indicating that soil nutrient pools were not useful for predicting

foliar nutrient uptake or productivity.

Introduction

59

Forest productivity varies widely among sites, however this variability is often

poorly correlated with nutrient availability despite a required and fundamental
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relationship between the two. Reasons for this may include an inadequate

representation of nutrient availability, co-occurring stresses or their interactions.

Internal nutrient conservation and re-use can strongly enhance nutrient availability

(Nambiar and Fife 1991), although how to represent these effects is not well

understood. Nutrient retranslocation can be difficult to quantify and track

internally, and what factors influence the rate of retranslocation or allocation among

the different organs are also poorly understood.

Nitrogen is commonly limiting to forest productivity and there has been

considerable effort to quantify nitrogen availability as an index of site quality

(Shumway and Atkinson 1978, Powers 1980, Kushla and Fisher 1980, Maimone et

al. 1991). Aerobic (Stanford and Smith 1972) and anaerobic (Waring and Bremner

1964) soil incubations in the lab are two related approaches developed to index

potentially available N. These methods apply a uniform environment and represent

different aspects of litter quality and availability. There have been few successful

attempts to correlate nitrogen availability with site productivity using these methods

(Shumway and Atkinson 1978, Binkley and Hart 1989). These methods do not

account for environmental influences on mineralization rates, such as different soil

moisture contents or temperature, and as such, estimates of net N-mineralization

using in situ incubations are preferable. Past research into the soilsite productivity

relationship strongly suggested that better understanding will require insights into

both physiological and environmental mechanisms. One promising theory linking

growth rates to plant physiology and nutrient availability is the nitrogen productivity

concept of Ingestad et al. (1981) and Agren (1983).

Chapter 2 showed that models based on the nitrogen productivity (PN)

concept accurately predicted annual foliage production, and factored the separate

influences of water and nitrogen stress. The primary objective of this study was to

examine the relationships between plant nitrogen status and soil nitrogen availability

in mature ponderosa pine stands in central Oregon. Specifically, the PN concept

predicts a linear relationship between foliage relative growth rate (RURf) and
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relative nitrogen uptake rate RUR (eqn 1, Chapter 2). A related objective was to

examine the relationship between annual foliage production and N-availability from

both soil and plant retranslocation sources, and to quantify the annual contribution

of soil- versus retranslocated nitrogen sources to N supply. Finally, the correlations

between soil nutrient pools and foliar nutrient concentrations, annual production and

nutrient demand were examined to assess their usefulness for predicting forest

productivity.

Methods

Site descriptions, selection procedures and biomass sampling were fully described

in Chapter 2. Nineteen sites were used in this study, however only 14 had

aboveground biomass and productivity estimates due to time constraints. Site 2 was

not chosen for biomass sampling because it had a clay-loam glacial till soil type.

The remaining four sites (3, 4, 6 and 10) were considered similar to other plots.

Litterfall was sampled at all sites. Soils at all but site 2 were sandy to sandy-loam

Xeric Vitricriands, formed over a thick mantle of Mt. Mazama volcanic pumice and

ash deposited 7000 years ago. The ash layer varied between 0.4 and 2.0 m thick at

the study sites, burying material of varied origin. Sites 9, 16, 17 and 19 were also

within the ash and pumice deposition zone of the Paulina caldera.

Annual nitrogen mineralization and uptake rates were estimated in situ using

a sequential coring method (Raison et al. 1987). Soil sampling began in late

September 1999. At each site, twelve sets of three PVC cores were distributed

randomly. The PVC cores used were 4.8 cm diameter, with an effective sampling

depth of 28 cm. The fresh litter layer was removed and the three cores were driven

into the soil by hand, then the litter was replaced. Immediately, one core was

removed to sample the bulk soil. The collected soil was placed in a ziplock bag,

placed on ice and transported to the lab where it was frozen at -10 °C until analysis.

The two remaining cores were left for the incubation period, with one open-top and
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the other covered by an attached plastic cup to exclude precipitation. At the end of

the incubation periods, soil from the two in situ cores were collected, and the

process repeated. The bulk soil was also collected at the end of the one-year

sampling period. The first incubated period was between late September 1999 and

late May 2000, after snowmelt; the winter of 2000 had a record snowfall and spring

collection was delayed until all sites were snow free. Subsequent incubation periods

were May to early July, and lastly July to late September.

In the lab, soils were sieved to 2 mm and the fine fraction was weighed.

Soils were composited by sample date, site, and core type (bulk, open and closed).

Ammonjum and nitrate were extracted from the fine soil fraction with 50 ml 2 M

KC1 added to a 10 g field-moist sample in a glass beaker (Keeny and Nelson 1982).

Beakers were covered and shaken on an orbital shaker for 1 hr, then left for 12 hrs

to equilibrate. The solution was then filtered through pre-leached and vacuum dried

Whatman #1 filters, collected in 20 ml vials and frozen at -40 °C. To estimate the

dilution effect of extraction, precisely 5, 10 , 15 and 20 g field-moist samples were

extracted in 50 ml 2 M KC1 for 12 combinations of sample dates and sites for the

closed-top and bulk soils. Ammonium and nitrate concentrations were determined

colorimetrically using the cadmium reduction technique for nitrate (Autoanalyzer

300 series, Alpkem Corp, Clackamas, OR). Analyses were conducted by the

Central Analytic Lab at Oregon State University. The methodology had a detection

limit of 0.02 mg l for both forms of N. Soil moisture for the fine fraction was

estimated by drying 50 g at 105 °C for several days and calculating weight loss. All

results were expressed on a dry-weight basis. Bulk density was determined for the

fall 1999 sample using the dry-weight of the fine and coarse soil fractions and the

volume of the PVC cores. Soil inorganic-N contents were calculated using the bulk

density and sampling depth information (kg ha').

For each incubation period, N fluxes were determined following Raison et

al. (1987). Net N-mineralization was determined as the difference in inorganic-N

concentration between the closed-top and bulk soil at the end and start of the
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incubation period, respectively. Leaching loss was calculated as the difference

between the closed- and open-top cores for the same period. Uptake for the period

was net mineralization, minus leaching, minus the change in soil inorganic-N pool.

Ammonium-N and nitrate-N were summed for total inorganic-N, and periodic N-

fluxes were summed for annual estimates.

Soils from the fall 1999 sample were analyzed for macro- and micro-nutrient

concentrations. The 2 mm fine fraction of the bulk soil was air dried at 30 °C in a

low humidity room and was used for all analyses. Total C and N were determined

by combustion on a finely-ground 30-50 mg subsample (Fisons, NA-1500 elemental

analyzed, Carlo-Erba, Milan, Italy). Total sulfur was determined by combustion on

a finely-ground (200 mesh) 1.5 g subsample (SC-132 elemental analyzer, Leco

Corp., St. Joseph, MI). Sulphate-S and extractable S were determined by extraction

with 500 ppm P (from calcium mono-phosphate) solutions at a ratio of 2 gm sample

to 20 ml extractant. Sulphate-S was determined in the extracts by ion

chromatogrpahy (ActIon Analyzer with Vydac Anion Colunm, Waters Inc.,

Milford, MA). Total extractable S was determined by ICP (ARL 3560). The

Mehlich III procedure was used to determine extractable Al, Ca, Cu, Fe, K, Mg,

Mn, Na, P, Na, and Zn (Carter 1993) on 2 g of sample to 20 ml extractant, followed

by ICP (ARt 3560, Applied Research Lab). Mehlich III P was determined

colorimetrically (Milton-Roy Spectronic 1201, Bray color reagents). For

comparison, exchangable Al, Ca, Fe, K, Mg, Mn, and Na were determined on 1.5 g

samples with a 0.1 N barium chloride extraction (Carter 1993), followed by ICP

measurement (ARt 3560). Effective cation exchange capacity (CEC) was

determined as the sum of the base cations determined with the BaC12 method. A

weak-Bray extraction was used to determine available P (Carter 1993) on 2.5 g

samples extracted with 25 ml of extractant. The extracted phosphorus was

measured at 882 nm after color development (Milton-Roy Spectronic 1201

UV/Visible spectrophotometer clw). Electrical conductivity was determined for 10

gm soil samples extracted for 1 hour with 20 ml of water and pH was determined in
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a 1:1 ratio in water. All results were expressed on a dry-weight basis. Analyses

were conducted by the British Columbia Ministry of Forests Analytical Laboratory,

Victoria.

Results

Nitrogen mineralization sampling

The methodology used to estimate nitrogen net-mineralization and uptake was

somewhat problematic in these seasonally dry forests. Leaching was estimated as

the difference between the matched closed and open cores for the same sample

period. Estimated leaching was strongly negative at 16 of the 19 sites (Table 9),

which indicated that the open-top cores had consistently higher mineral-N contents

at the end of the incubation period. This was most pronounced in the over-winter

period, but consistent across all periods. Actual, negative leaching into the cores

was thought unlikely. It was more likely that the precipitation excluded from the

closed-top cores was important to the net-mineralization rates, leading to the

observed higher N-concentrations in the open-top cores when significant

precipitation occurred during the sample period. The open-top cores had

consistently higher soil moisture contents, particularly in the spring (Fig 6).

Nitrogen deposition from rainfall or canopy leaching was another possible source

for the higher open-top mineral-N contents. In any event, data from the closed-top

cores were discarded, and the open-top cores were used in calculating net-

mineralization and uptake rates. There were several sites where the closed- and

open-top cores had similar mineral-N contents, and this was likely due to sampling

variability. The few instances where the closed-top cores had significantly higher

mineral-N contents were mainly during the rain-free sample periods, and were

considered anomalies. The open-top core net-mineralization rate estimates were

used throughout, and therefore represented net-mineralization less leaching (Raison
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et al. 1987). This methodology should still provide accurate nitrogen uptake rates,

and net-mineralization rates less leaching. Monleon et al. (1997) used the same

methodology and also showed strongly negative leaching at all sites (V. Monleon

pers comm), even though they included a fall sample period and recovered cores in

the spring almost a month earlier than in this study. In future studies, independent

estimates of leaching and atmospheric deposition would be useful, perhaps using the

methodology of DiStefano and Gholz (1986).

There was a significant dilution effect in the KC1 extraction of inorganic-N.

This was estimated by extracting 5, 10, 15 and 20 g field moist soil in 50 ml 2 M

KC1. The dilutions were applied, as usual, to the samples and total mineral-N was

computed as jg N (g soil)* The 10, 15 and 20 g samples were statistically similar

(p > 0.05) after adjusting for site and sample date differences. The 5 g samples

showed statistically greater (p < 0.05) inorganic-N concentrations than the others,

with an average increase of 12, 17 and 17 % for 10, 15 and 20 g samples,

respectively. These differences were variable, but consistent across sites and

sample dates. The dilution effect pattern was not as expected. Normally, a dilution

effect would show either consistently decreasing concentrations with increasing

sample weights, or a sharp drop-off at the higher sample weights. Adjusting for

differences in sample moisture contents did not alter the dilution effect.

Nitrogen mineralization and uptake

Sites varied more than 20-fold in nitrogen net-mineralization and uptake rates

(Table 9). Uptake rates were generally higher than net-mineralization rates, and

represented a draw-down of the soil NH4 and NO3 poo1s for that year. Net-

mineralization rates varied considerably between sample periods, with an average

79% occurring during the over-winter period, and 14 and 7% in the early-summer

and late-summer periods, respectively (Table 9), however, there was considerable

variation between sites. The uptake rates were somewhat more even across sample
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Table 8. Site attributes and environmental characteristics. Nitrogen mineralization
and uptake rates, soil nutrient concentrations, and litterfall masses were available for
the five sites shown at the bottom; however no biomass sampling at these sites was
completed.

Site Age Densitya Top- Avg Site Elev Precip'
htb DBHa indexc

yrs (ha1) (m) (cm) (m) (mm)

5 58 575 23 34 34 1510 1140
7 87 875 23 25 27 1380 610
8 52 350 19 29 30 1340 560
9 63 925 20 23 27 1380 560
11 70 400 22 33 28 1340 635
12 34 525 17 29 35 1380 635
13 50 1500 22 15 35 1310 660
14 95 600 28 30 31 1425 635
15 59 325 22 30 31 1400 460
16 55 400 16 28 26 1540 460
17 61 825 14 19 20 1390 380
18 52 725 26 30 37 1345 635
19 53 400 21 34 32 1600 710
20 25 4840 11 14 33 1570 890

Sites without biomass sampling
2 27 570 17 29 44 1100 1140
3 57 1010 17 22 25 1006 510
4 55 640 22 36 32 1380 1015
6 67 370 21 33 30 1270 890
10 64 545 22 30 27 1350 635

a Excluding trees DBH < 5 cm
b Avg. height of dominant crown-class trees

Expected height of dominant crown-class trees (m) at 100 yrs breast-ht age
Barrett 1978)
Average annual precipitation, estimated from precipitation maps (OCS 1993)
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Table 9. Annual nitrogen mineralization and uptake rates. The absolute difference
between open-top core calculated mineralization rates and closed-top core
calculated rates is shown. The closed-top core calculations indicated lower
mineralization rates at 16 out of 19 sites. Mineralization by season was calculated
as a percentage of annual rates, where negative values indicate net-immobilization
for the sample period.

a Net mineralization
b Calculated as open-core minus closed-core calculated net mineralization.

Site Nitrogen
Minz a

kg

flux density
Uptake

ha' yr'

Closed-
core diffb

Mineralization by season
Winter Spring Summer

% % %

5 22.6 26.4 17.9 69 11 21
7 11.2 14.5 12.5 97 31 -28
8 10.0 19.5 12.3 78 16 6
9 18.9 27.0 17.0 93 8 -1
11 14.9 16.0 -11.3 96 9 -5
12 16.9 25.1 11.3 82 -1 19
13 1.1 5.5 -0.5 222 -97 -25
14 5.3 8.6 2.0 90 8 2
15 6.8 8.9 1.7 53 48 -1
16 20.3 25.0 10.6 81 14 4
17 9.9 15.0 -10.6 62 31 6
18 18.7 23.4 12.7 31 12 57
19 22.0 27.2 2.5 22 65 13

20 8.1 11.0 3.5 41 55 4

Sites without biomass sampling
2 23.5 29.7 16.7 91 7 2
3 2.7 9.6 2.7 157 -44 -13
4 52.3 58.1 38.8 36 22 42
6 32.7 40.7 14.2 59 37 4
10 9.1 12.7 1.2 47 33 20
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Figure 6. Soil moisture content in the upper 28 cm of the mineral soil fine fraction
(<2 mm). Differences among sample dates and core-type are shown, with standard
deviations among sites indicated with error bars. Points are offset for clarity.
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Figure 8. Relationship between foliage relative growth rate (RGRf) and soil-
estimated nitrogen relative uptake rate (RUR). RLTR was calculated without
(circles) and with (squares) retranslocated-N sources. See Table 10 for variable
definitions and formulas.
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Figure 9. Relationship between annual nitrogen supply and current-year foliage
nitrogen content (Ne). Supply is estimated as retranslocated-N (Nr) (circles) or as
the sum of retranslocated-N and soil N-uptake (squares). Site 20 is indicated with
an arrow.
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periods (data not shown). The overall patterns showed that late-fall through early-

spring months were the most important to mineralization and uptake rates, but

mineral-N soil pools were an important source of N during the summer months.

Samples were collected in September 2000 prior to any significant rainfall. Annual

nitrogen input from litterfall ranged between 5.2 and 16.1 kg ha1, but was not

significantly correlated with soil-based N-mineralization estimates (r = 0.28), and

was generally lower than N-mineralization rates (Fig 7). Below-ground N-inputs

from fine root mortality were not estimated, but would represent a significant source

of mineralizable-N. It is unknown how much year-to-year variability is expected in

N-mineralization rates.

The primary objective of this study was to test the relationship between

RGRf and RUR (Fig 8) (variable definitions are given in Table 10). This

relationship was non-significant (r = 0.32, p = 0.27). The correlation between

RGRf and RUR was not improved by subtracting Nr from N-supply estimates (r=-

0.38, p=O.l8) (Fig 8, Table 10). This relationship in the PN concept provided the

environmental link between RGRf and N-availability (Ingestad and Agren 1995).

The strong relationship between RGRf and [N0] was confirmed in Chapter 2, and

was strongly influenced by water stress. There was a relatively small range in [N0]

(0.81 - 1.13%), despite a 3-fold difference in foliage production rates, N (Table 11).

Nitrogen allocation to other tissues, especially fine-roots was not estimated, and it is

unknown how strongly this would have affected the relationship between RUR and

RGRf.

The correlation between N-uptake rate and N was non-significant (r0.23).

Adding foliar retranslocated-N to the soil N-uptake rates improved the relationship

(r=0.46, p=O. 10), but there was still considerable variability (Fig 9). Excluding site

20 (indicated in Fig 9) improved the correlation coefficient to 0.52 (pO.O'7) and

0.63 (p=O.O2) for without and with retranslocated-N, respectively.



Nitrogen retranslocation and retention

Total retranslocated-N (Nr) was similar to N (Fig 9) on all but four sites where a

deficit tended to increase with N. This did not suggest that soil-N supply was

unimportant, since significant nitrogen is required for other tissue growth especially

fine-roots. Nitrogen retranslocation from senescing foliage (Nri) was between 6.3

and 15.2 kg has, and was highly correlated with W1 (r = 0.95). Retranslocation

from older to current-year foliage (Nrf) was less than from senescing foliage (Table

11). Total N-retranslocation (Nr) was significantly correlated with W (r 0.84) and

N (r = 0.83).

Average foliage retention time (yrs) was calculated as (W+W0)/Wt (Table

10). Foliage retention ranged between 3.2 and 7.0 yrs, with an average of 4.8 yrs

across sites (Table 11), and was correlated with W (r=0.58, p=O.O4). Nitrogen

retention times, (N+N0)/Ni, were longer, reflecting N-retranslocation. Nitrogen

retention times ranged between 6.6 and 14.0 yrs, and were weakly correlated with

water stress (613C) (r=0.43, p=O.12). It was interesting that foliage retention was

not correlated with water stress (613C) as expected (r 0.16). If foliage biomass at

these stands were constant across years, then W and W1 would be identical. Since

RGRf was strongly influenced by water stress (Chapter 2), this suggested that

foliage retention times would also be related to water stress (provided constant total

foliage biomass). The litterfall rates for the study were higher than W except at two

sites (Table 11), indicating that total foliage mass decreased between Sept 1999 and

Sept 2000. It is unknown what factors influenced foliage senescence rates at these

sites, but it is likely that W1 was closer to an average W, due to the drought that

occurred during the summer of 2000.
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Nutrient pools and fluxes

These coarse pumice soils showed uniformly low mineral soil CEC and low total

soil nitrogen pools (organic- and inorganic-N), ranging between 940 and 2460 kg

ha1 (Table 12). Carbon to nitrogen ratios in the mineral soil were much lower

(average 25:1) than litterfall (average 120) and likely represented recalcitrant forms

of organic matter. Fall 1999, mineral soil nutrient concentrations (upper 28 cm of

the soil profile) are given in Table 13. The weak-Bray and Mehlich III P extractions

were highly correlated (r=0.94). Exchangeable S estimated with the Mehlich III and

calcium mono-phosphate extractions were not significantly correlated (p=O.7),

possibly because of the low concentrations (< 10 ppm for both); Mehlich III S

estimates were used throughout. 'New' foliage nitrogen (from soil sources) was

estimated as N - Nr (Table 10) and represented soil-origin current-year foliar

nitrogen content. Soil-origin foliage nutrient contents were estimated in a similar

manner, with the exception that retranslocation from older to current-year foliage

was assumed zero when older foliage concentrations were higher, and

retranslocatjon for Ca and B was assumed zero (Marschner 1995). There was a

significant correlation between N-uptake and fall 1999 mineral-N pools (r=0.65,

p=O.002). There was no significant correlation between soil-origin foliar nitrogen

and N-uptake rates (r=O. 11). Similarly, correlations were non-significant between

fall 1999 mineral-N pools and soil-origin foliage N (r=0.04), [Ne] (r=0.04), W (r=

0.01), and N1 (r=0.23) (Tables 12 and 13). The correlations between fall 1999

nutrient pools and soil-origin foliage nutrient contents were either non-significant

(N, 5, Ca, B, Cu, Fe, Mn, and Zn) or negative (P, K and Mg) (Table 13). It was

apparent that the fall nutrient pools were not useful for predicting foliage production

or foliage nutrient concentrations (Table 13).
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Table 10. Variable definitions and symbols used throughout the text. Variables
with limited usage are defined in the text.

Variable Definition Units

W Current-year foliage biomass kg ha
W0 Older foliage biomass kg ha'
W1 Litterfall biomass kg ha
[Ne] Current-year foliage nitrogen concentration %
[N0] Older foliage nitrogen concentration %

[N1] Litterfall nitrogen concentration %
Current-year foliage nitrogen content; [N]W kg ha'

N0 Older foliage nitrogen content; [N0]W0 kg ha'
N1 Litterfall nitrogen content; [N1]W1 kg ha
Nri Retranslocated nitrogen from senescing foliage; kg ha

([N0]-[N1])W1

Nrf Retranslocated nitrogen from older to current- kg ha
year foliage; ([N]-[N0])W

Nr Total retranslocated nitrogen; Nri + Nrf kg ha
N Soil-origin current-year foliage nitrogen content; kg ha'

(NcNr)
PN Nitrogen productivity kg W (kg N yr)'
RGRf Relative growth rate of foliage; W/W0 yf'
RURf Relative uptake rate of nitrogen in foliage; NC/NO yf'
RUR Relative uptake rate of nitrogen (soil-based); yft

(N-uptake I N0), or (N-uptake+Nr)/No
Rf Foliage retention time; (W0+W)/W1 yrs

Nitrogen retention time; (N0+N)/Ni yrs

&13CCU Current-year, upper crown-third foliage carbon %o

isotope ratio, dominant and co-dominant trees



Table 11. Site productivity, foliage and nutrient characteristics and 613C values. See Table 10 for variable definitions.

Site

Litterfall Retranslocated-N

Nri Nf
- kg ha -

Retention times

R1 R
yrs yrs

Foliage

W0 N
kg ha1

N0 W1 N1

kg ha1 -
[N']

5 2373 11171 29.1 110.0 1941 11.1 0.57 8.0 5.7 7.0 12.5

7 1185 6835 12.0 56.3 1435 5.5 0.38 6.3 2.3 5.6 12.5

8 1295 6871 13.3 55.6 1795 5.7 0.32 8.8 2.8 4.5 12.1

9 964 5460 10.8 54.3 1527 7.2 0.47 8.0 1.3 4.2 9.0
11 1427 8744 15.9 82.5 2275 9.7 0.43 11.7 2.5 4.5 10.1

12 2236 11085 26.5 113.6 2251 11.7 0.52 11.4 3.6 5.9 12.0
13 1123 5063 11.4 44.2 1915 8.5 0.44 8.2 1.6 3.2 6.6
14 1216 6562 11.8 56.4 1617 6.9 0.43 7.0 1.4 4.8 9.8
15 889 4959 9.4 44.5 1309 5.2 0.40 6.5 1.4 4.5 10.3

16 832 6588 8.9 56.5 1693 6.0 0.35 8.5 1.8 4.4 10.9

17 1021 6726 10.7 64.7 1500 5.4 0.36 9.0 0.9 5.2 14.0

18 1811 6884 20.2 70.8 2396 11.7 0.49 12.9 1.6 3.6 7.8

19 1642 11343 17.1 110.6 2709 12.0 0.44 14.4 1.1 4.8 10.7

20 2789 10482 33.2 118.5 2769 16.1 0.58 15.2 1.6 4.8 9.4

Sites without biomass sampling
2 4081 28.9 0.71

3 2528 9.8 0.39
4 2299 11.5 0.50
6 2156 8.9 0.41

10 1888 7.4 0.39



Table 12. Mineral soil physical and chemical characteristics for the upper 28 cm of unincubated fall 1999 mineral soil.

a Inorganic-N nutrient content (NH4 + NO3)
b Cation exchange capacity (BaC1 extraction summation method), cmols +charge / kg soil

Electrical conductivity
d Litterfall-N inputs expressed as a percentage of total-N

Site Total N
Mg ha'

Total C
Mg ha'

C:N Bulk density
g cm3

NpOOlsa

kg ha'
CECb pH Condc N-inputs'

mS/cm %

5 1.77 46.7 26 0.65 9.0 4.3 6.0 0.078 0.63
7 1.16 33.5 29 0.62 7.4 3.8 5.9 0.074 0.47
8 1.05 26.8 26 0.60 12.2 3.9 5.9 0.082 0.54
9 1.46 33.6 23 0.70 11.3 6.3 6.0 0.096 0.49

11 1.50 37.5 25 0.69 4.3 4.4 6.2 0.060 0.65
12 1.89 44.0 23 0.70 11.5 5.5 6.1 0.079 0.62
13 1.27 27.2 22 0.70 7.7 5.8 6.4 0.086 0.67
14 1.19 34.0 29 0.54 5.9 2.9 5.7 0.080 0.58
15 0.94 24.5 26 0.62 5.9 3.8 6.0 0.069 0.55
16 1.10 24.6 22 0.78 8.5 4.2 6.1 0.061 0.54
17 1.16 24.2 21 0.70 7.7 10.1 6.3 0.081 0.46
18 1.07 29.7 28 0.57 7.3 4.8 5.9 0.077 1.10

19 1.38 37.1 27 0.64 9.9 4.1 5.7 0.083 0.87
20 1.05 32.8 31 0.61 5.7 2.7 5.8 0.060 1.53

Sites without biomass sampling
2 2.46 50.9 21 0.64 11.2 5.1 5.9 0.071 1.18

3 1.54 38.4 25 0.71 10.3 7.1 6.2 0.072 0.63
4 1.61 39.9 25 0.57 11.8 5.2 6.0 0.085 0.71

6 1.69 45.8 27 0.67 11.4 9.1 6.1 0.104 0.53
10 1.08 25.9 24 0.55 6.1 3.7 6.0 0.067 0.69
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Table 13. Soil extractable nutrient concentrations and correlations with current-
year foliage. Fall 1999 bulk soil mineral nutrient concentrations (?Pm) are shown.
Correlation coefficients between total soil nutrient contents (kg ha ) and soil-origin
current-year foliar nutrient content or current-year foliar nutrient concentrations are
shown, with significance (a = 0.1) denoted with an '*' Only the 14 sites with
biomass sampling were used in calculating soil extractable nutrient concentrations
means and standard deviations.

a Mehlich III extraction, except for N (2 M KC1) and P (weak Bray)
b Standard deviation
C Correlation with soil-origin current-year foliar nutrient content (variable definition
in Table 10)
d Correlation with foliar nutrient concentration (% or ppm)

Nutrient Units Soil extractable concentrationa
Mean (std)b range

Correlation coeff
N C [conc]'

N ppm 4.4 (1.3) 2.2-7.1 0.04 0.04
P ppm 49 (21) 24-108 0.49* 0.15
S ppm 2.6 (0.6) 1.7-3.5 -0.14 -0.03

Mg ppm 77 (64) 26-283 0.58* 0.20
Ca ppm 632 (236) 330-1185 -0.38 0.53*
K ppm 215 (90) 79-439 0.55* -0.21
B ppm 0.018 (0.035) 0-0.11 0.19 -0.03
Fe ppm 138 (39) 107-261 -0.04 -0.09
Mn ppm 53 (8.6) 38-75 0.30 -0.04
Cu ppm 1.73 (0.37) 1.3-2.7 -0.35 0.40
Zn ppm 1.1 (0.49) 0.5-2.2 0.10 0.42



Discussion

Nitrogen Productivity

Models based on the PN concept predicted current-year foliage growth with a high

degree of precision (Chapter 2). There was a strong, linear relationship between W

and N0, which was modified by water stress acting to depress the slope of this

relationship. The prediction of a constant [Ne] for a given RGR was also shown to

be accurate (Chapter 2). The primary objective of this study was to examine the

environmental link between nitrogen flux density (kg ha' yr1) and annual

productivity, predicted by the PN concept. Specifically, the linear relationship

between RUR and RGRf was tested. There was not a significant correlation

between RUR and RGRf (Fig 8). The reason for such a weak relationship is

unknown, particularly when the PN concept was very accurate in predictions based

on plant-internal foliage qualities. Nevertheless, the strong environmental link

between N-availability and productivity that was demonstrated in seedling studies

(Ingestad 1979, Ericsson 1981, Ingestad and Kahr 1985) was not found. A one-to-

one relationship was not expected because whole-plant N-uptake was estimated;

however a stronger, positive correlation (possibly curvilinear) was expected.

There was no significant correlation between RURT and [NJ, even with

models accounting for water stress (such as Model 4, Table 5). Many field studies

have shown positive treatment responses of [Ne] to fertilization, although these

studies have consistently shown that foliage biomass tended to increase in

magnitude more than [Nc] (Vose and Allen 1988). Most studies with annual

fertilization have shown sustained [N] increases (Axelsson and Axelsson 1986,

Crane and Banks 1992, Powers and Ferrell 1996, Tamm et al. 1999). These studies

have, however, had relatively high annual fertilization rates and the [Ne] responses

were usually moderate (+ 0.3-0.5 %) relative to a dramatic increase in total foliar

biomass. It is likely that N-availability differences (both soil and retranslocation)
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influenced [Ne] in this study, but the exact relationship was not found. This may

have been partly due to poor precision of the models within the narrow range in [Ne]

(Chapter 2, Table 7).

Soil-estimated nitrogen mineralization and uptake rates were within the

range normally found in dry forested ecosystems, 1-52 and 5-58 kg ha1 yf1,

respectively (Table 9) (Binkley and Hart 1989). Nitrogen mineralization rates

varied 20-fold across sites, compared to a 3.5-fold difference in W (for the same 14

sites) (Tables 9 and 11). Soil-based N-uptake rates were not correlated with N

(r=0.23). A strong correlation between soil- and plant-estimated nitrogen uptake

rates was not necessarily expected, either. The supply of nitrogen is strongly

affected by retranslocation from litterfall and storage sources, and also by

retranslocation from one-year old to current-year foliage (Nambiar and Fife 1991).

It is also possible that foliage senescence rates were influenced by nitrogen nutrition

since older foliage represents a large pool of readily available nitrogen (Nambiar

and Fife 1991). The light environment at the base of the canopy would have been

adequate for positive photosynthesis (LAI's 1.4-3.3 projected), provided suitable

water relations (Bond et al. 1999). Nitrogen for new tissue growth from

retranslocated-N (re-utilization and storage sources) can be substantial (Table 11,

Fig 9). Retranslocated-N was nearly- or completely-adequate to meet the foliar N-

demand (estimated as N) on all but four sites (Fig 9), and the deficit tended to

increase with demand. This did not suggest that soil-N supply was unimportant,

since significant nitrogen is required for other tissue growth especially fine-roots.

The importance of retranslocated-N has been shown by Beets and Pollock (1987)

and Crane and Banks (1992) in radiata pine, Miller (1981) in Corsican pine, Zhang

and Allen (1996) in loblolly pine, and many other evergreen tree species. It is clear

that nitrogen supply was enhanced by re-utilization in this study. Internal N-pools

and storage sources may also have buffered against annual fluctuations in N-uptake

rates. This would be the case if internal nitrogen pools varied annually in

conjunction with soil N-uptake rates, increasing in years with high N-mineralization
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rates and vice versa in poor years. The nutrient buffering capacity of trees is poorly

understood, but may be substantial.

In any event, the correlation between annual growth and N-uptake rates was

likely to be poor since the nitrogen active in photosynthesis and the nitrogen

available for new-tissue growth corresponded to several years of uptake, allocation

and re-use. Foliage retention times were moderate, averaging 4.8 yrs and ranging

between 3.2 to 7.0 yrs (Table 11). Foliage nitrogen retention was considerably

longer, averaging 10.5 yrs, with a range of 6.6 to 14.0 yrs. Nitrogen retention

tended to increase with water stress (ö'3C) (r=0.43, p=O.l2), however foliage

retention was not significantly related to water stress (r=0. 16). A related method to

calculate N-retention times is to compute the fraction of 'new' (soil-origin) foliage

nitrogen to whole-canopy N. Soil-origin foliar nitrogen averaged 4.2% of total

foliage-N, ranging between -2.1 and 11.0 %. It was apparent from either method,

that canopy-N was highly conserved between years. These sites were chosen as

fully-occupied, mid-rotation stands at or near peak-LAT, nevertheless, it was

surprising that soil-origin current-year foliage nitrogen contents occurred within

such a narrow range. The higher productivity sites tended to have a higher

percentage of new foliage nitrogen (r=0.87). The long nitrogen retention times

suggested that retranslocation must be accounted for when assessing N-availability.

Furthermore, if N-uptake rates vary between years, then a single annual estimate is

unlikely to adequately represent N-availability or be well correlated with annual

productivity.

Several studies have shown a high correlation between productivity and soil-

estimated N-uptake, although these have generally been intensively treated studies

at one or a few locations. The Biology of Forest Growth (BFG) study in radiata

pine (Raison and Myers 1992, Crane and Banks 1992) showed a very strong

relationship between N-uptake and foliage-N content (R2= 0.98) and W (R20.90).

High fertilizer rates were applied annually in this study and results were presented

for the most active period of foliar increase. Pastor et al. (1984) showed a positive,
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asymptotic relationship between soil N-mineralization rates (buried-bag method)

and above-ground net primary productivity (R2=0.97). Their data however, were

for widely different species and sites and was partly explained by how vegetation

influenced mineralization rates through leaf-litter quality. Smethurst and Nambiar

(1989) found good correspondence between soil- and plant-estimated N-uptake rates

using methods similar to this study in young radiata pine plantation (< 3 yrs). A

close correlation between W and N-uptake should, perhaps, be in systems with

either a rapidly increasing foliar biomass, or with low foliage retention rates such as

in loblolly pine.

The effect of year-to-year climate variability on N-mineralization rates at

these sites is unknown. Monleon et al. (1997) estimated annual N-mineralization

rates starting in Sept 1991 for 3 sites adjacent to sites 5 (their Swede Ridge site), 9

(Sugar Cast) and 16 (Far East). Their control plots had similar soils, forest cover

and disturbance history to the adjacent sites in this study and were purposely

matched in this study. Their estimated N-mineralization rates using a similar core-

incubation method (but to 15 cm depth) were 14.1, 14.5 and 9.0 kg ha' for sites 5, 9

and 16 respectively (V. Monleon pers comm, calculated using the open-top cores),

and were less than those found in this study (Table 9). However, their data

supported the observation that the very dry Far East and Juniper sites likely do have

similar N-mineralization rates as other sites, despite the very low aboveground

productivities. The summer (May-Sept) of 2000 was the driest in 20 years (26 mm,

avg. 88 mm), and 1992 was slightly below average (73 mm) in the nearby town of

Bend, OR. At higher altitudes, the 2000 rainfall rates were further below average

(based on local NOAA weather stations). Nitrogen mineralization rates on dry sites

in central Oregon are generally lower than other regions (Binkley and Hart 1989),

partly due to the distinct absence of summer monsoon rains common further south.

Only one study has compared annual differences in N-mineralization rates

for a dry forested site, where N-mineralization rates were not confounded with time

since treatment. O'Connell and Rance (1999) showed annual N-mineralization rates
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were up to 2-fold different in Eucalyptus globulus in Australia over a three-year

sampling period. Numerous studies, however, have shown the dual importance of

litter quality and climate (mainly temperature and moisture) on N-mineralization

rates (Pastor and Post 1986, Gholz et al. 2000). Annual variation in N-

mineralization at these sites is possibly large, especially in years with different fall

and spring precipitation rates.

The N-mineralization rates were calculated from open-top cores, and

estimated net mineralization less leaching. It is unknown if leaching was important

in this study due to limitations with the methodology explained previously.

Monleon et al. (1997) showed a similar magnitude of 'negative leaching' as in this

study, with the average difference between open- and closed-top cores of +3.0 kg

(ha yr1 (avg. +126 %) for the control plots (V. Monleon pers comm). The

additional soil moisture from rainfall in the open-top cores, especially in the warmer

fall and early spring likely contributed to much of the differences (Fig 6). Canopy

leaching and atmospheric deposition were further N-sources in open-top cores, but

these were not estimated. Nitrogen leaching estimates are not included in uptake

estimates (Raison et al 1987), so uptake rates estimated in this study (Table 9)

should be unaffected by the change in computation.

Nitrogen availability indices

A primary objective of this study was to examine the relationship between N-uptake

rates and N. This relationship was non-significant (r=0.23) and was slightly

improved by including retranslocated-N with soil uptake (Fig 9). These results

partly explain the limited success of past research into the soilsite productivity

relationship. There has been considerable effort to find a soil-based index of forest

productivity (Carmean 1975, Binkley and Hart 1989). The forest floor and mineral

soil contain large pools of organic nitrogen, with available forms of nitrogen for

plants limited by net mineralization rates. Since the total amount of N and the N-
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mineralization rates are often poorly correlated due to the effect of immobilization,

litter quality and climate, researchers have attempted to develop an index of

potentially available N by using both aerobic (Stanford and Smith 1972) and

anaerobic (Waring and Bremner 1964) soil incubations in the lab. Aerobic

incubations involve determining nitrogen mineralization rates from soil samples

over relatively long periods, usually between 30 and 90 days. Anaerobic techniques

typically incubate soils at higher temperature (30-40° C) for between 7-14 days.

Both methods attempt to index the relative amounts of nitrogen that is readily

mineralizable over the short term in the field. While neither method mimics field

conditions, the results from the aerobic methods are normally closer to actual field

mineralization rates (Bundy and Meisinger 1994). Inorganic nitrogen forms

produced during anaerobic incubations are closely linked to nitrogen in

microorganisms killed by the anaerobic test conditions (Myrold 1987).

Shumway and Atkinson (1978) found growth response to N and P

fertilization in Douglas-fir was negatively correlated to an index of mineralizable

nitrogen (r = -0.86), using anaerobic incubations. Conversely, Powers (1980) found

only a poor relationship between an aerobic index and individual-tree growth rates

of unmanaged ponderosa pine stands in northern CA and southern OR.

Interestingly, he found a weak, positive relationship between anaerobic N-

mineralization rates and foliage N content (R2=0.37). Geist (1977) evaluated the

importance of nitrogen mineralization on yield of orchard grass (Dactylis

glomerata) grown on forest soils collected from the Blue Mountains in Oregon.

Essentially, he showed the importance of net nitrogen mineralization on

productivity by showing a much stronger relationship between growth and N

availability indices that included an anaerobic N-mineralization index. He also

showed a very strong, positive relationship between an N availability index and

aboveground N accumulation. Lea and Ballard (1982) conducted an extensive study

in loblolly pine fertilization trials, but found no significant correlations between

fertilization response and various N availability indices including anaerobic and
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aerobic incubations. Site index was weakly correlated with foliage N content

(r=0.40) and soil C/N ratio (r=-0.37). Hart et al. (1986) also showed poor

correlations between N availability indices (both aerobic and anaerobic incubations)

and growth response of loblolly pine to N and P fertilization.

This study showed nitrogen was highly conserved, with N-retention

averaging 2.2 times longer than foliage retention times (Table 11). Due to high N-

conservation and re-use, annual N-uptake rates were not very important to whole-

canopy N-contents, and were thus not very important to light interception and

carbon assimilation. Furthermore, nitrogen retention times tended to be longer on

the droughtier sites (r=0.43), further confounding a direct relationship between

annual N-uptake and growth. The different mineralizable-N indices do not account

for variable foliage retention times or N-retranslocation rates, and neither do they

account for differences in W0 or N0 (Table 10). Annual mineralization rates did not

appear to strongly influence foliage productivity, while whole-canopy N-contents

(accumulated over many years) did (Chapter 2). Also, water stress had a strong,

annual influence on productivity (Chapter 2). It seems unlikely that annual

productivity and N-availability indices will ever correlate strongly in mature

ponderosa pine stands, unless related factors are accounted for; these include

variable N- and foliar-retention times, N-retranslocation rates and canopy N0.

Perhaps a better method to index N-availability would be an orthogonal matrix of

litter-quality and environmental influences. Differences in litter quality and

quantity among sites could be assessed using an aerobic incubation technique,

holding environmental factor constant. Environmental factors could be assessed

across sites with a litter-bag decomposition technique (Monleon and Cromack

1996). These two techniques compliment each other and could, perhaps, lead to a

stronger index of the soilsite productivity relationship. Retranslocated-N and N-

retention times, however, would still need to be assessed.



Nutrient pools

Soil-nutrient pools in fall 1999 were poorly correlated with both current-year

nutrient contents (less retranslocation) and nutrient concentrations (Table 13).

There was a weak correlation between fall N-pools and estimated mineralization (r

0.52) and uptake rates (r = 0.65), suggesting that processes controlling nutrient

pools differ from those controlling fluxes. This was the case even for soil-immobile

nutrients, such as P and the trace metals (Table 13). Only soil N-uptake was

directly measured, however; soil-origin uptake rates for other nutrients were

estimated from current-year foliar contents, adjusted for retranslocation. The

correlations between soil nutrient pools and uptake were either non-significant, or

negative (Table 13). The weak correlation between fall N-pools and N-

mineralization showed the inadequacy of 'snapshot' nutrient pools (fall sampling or

otherwise) for representing nutrient availability, which is by its nature, a flux

density. It is probable that fall nutrient pools of other soil-mobile macronutrient (5,

K, Mg, Ca) would also be positively correlated with net nutrient mineralization

rates, but the correlations with annual productivity are likely to be weak (as was the

case for N) due to the undetermined effects of nutrient retranslocation and variable

retention times.

Conclusions

1. There was no significant relationship between nitrogen RUR and RGRf.

Including retranslocated-N in the supply did not result in a stronger relationship.

This relationship is critical to the PN concept, providing the environmental link

between foliage productivity and nitrogen uptake rates; however it was not shown to

be accurate in this study.

86
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There was no significant correlation between N and N-uptake rates.

Including retranslocated-N to the supply slightly strengthened this correlation

(r=O.46). This relationship was not central to the PN concept, however it highlighted

the importance of estimating N-retranslocation and internal N-allocation linking

between N-uptake and site productivity.

Retranslocated nitrogen accounted for a substantial portion of the current-

year foliage nitrogen content. Together with soil nitrogen uptake, N-supply

adequately met current-year foliar content on all but one site. Complete estimates of

plant N demand, including fine roots and woody-tissue were not available. Still,

these results indicated the importance of retranslocated-N to nitrogen nutrition.

Average nitrogen retention times in the foliage was 10.5 yrs, with a range of

6.6 to 14.0 yrs, and averaged 2.2 times longer than foliage retention. Foliar nitrogen

was highly conserved and these results suggested that annual foliage production and

ANPP should be relatively insensitive to annual variability in soil nitrogen uptake.

Also, nitrogen retention times tended to increase with increasing water stress,

further eroding the tie between annual N-uptake and productivity. Depending on

the variability in N-uptake rates, a more appropriate timescale for matching N-

uptake to productivity is likely similar to these retention times. Conversely, Chapter

2 showed that water stress has an immediate, annual-timescale effect on stand

productivity. The different timescales for these two resources suggests that

discontinuities may arise following disturbances. For example, if thinning doubled

both water availability and N-mineralization rates, stand responses to increased

water availability will likely be immediate and substantial. Conversely over the

short-term, increased N-uptake might only moderately increase canopy N-content

and related stand productivity, because soil-origin annual N-uptake is a small

fraction of total canopy N.
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5. Soil nutrient pools were poorly and often negatively correlated with nutrient

fluxes into foliage and with foliage nutrient concentrations. Furthermore, fall soil

N-pools were weakly correlated with annual N-mineralization and uptake rates. It is

suggested that nutrient flux be measured wherever possible, and that nutrient pools

have little meaning relative to forest productivity in species with long internal

nutrient retention times.
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CHAPTER 4: CoNcLusioNs

The goal of the research was to identify the salient factors influencing ponderosa

pine productivity in central Oregon. This research suggested that the soilsite

productivity relationship was fairly simple, with the primary limiting factors being

nitrogen and water stress (Fig 2). It was possible that P and S limitations occurred

on a few sites, but these would have influenced productivity in a similar manner as

N. The linic between environmental resource availability and productivity was

examined through the nitrogen productivity (PN) concept. The main objective of

this research was to test the PN concept. Models based on this concept were found

to accurately predict annual foliage production, and moreover, the PN concept

adequately partitioned the effects of nitrogen and water stress. The environmental

basis of an index of water stress based on carbon isotope ratios (6'3C) was reviewed.

The relationship between foliage relative growth rate and relative nitrogen uptake

rate, however, did not follow the PN concept. There was a weak correlation between

N-uptake rates and stand productivity, and further work is necessary for better

understanding of this relationship.

Lastly, I would like to present a research prospectus. This study examined

the link between the physiological response (foliage growth rates) and

environmental resource flux. The link between water availability and stomatal

conductance (and hence Ô'3C) is an active area of research. I suspect that most of

the variation in foliage Ô'3C could be accounted for by a cumulative index of soil

water availability. Such an index could be derived from weekly growing-season

neutron probe measurements (which gives soil water content directly, and soil

matrix potential by calibration) at several depths, including the subsoil. Xylem

structural differences (path length, conductivity) will certainly influence stomatal

conductance in structurally varied stands, but within similar stands (such as in this

study) it should not have a marked influence. Vapor pressure deficit differences
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will also need to be accounted for, as they will strongly influence stomotal

conductance.

The link between nitrogen availability and foliage growth is less clear. It is

also problematic because of the long time-scale in which nitrogen uptake influences

canopy-N contents and availability. Internal nitrogen re-allocation is also a difficult

flux to quantify or conceptually model. Possibly an orthogonal matrix of aerobic

incubation and litter-bag decomposition studies (p. 84) would provide an adequate

long-term N-availability index. In the least, multiple years of field measured N-

mineralization and uptake would be necessary if repeating a study such as this one.

Were I to repeat this study (with the additions mentioned above), I would seriously

consider stimating whole-stand N and C allocation patterns, including belowground.

To sum, a primary objective was to test the PN concept but results of this test

were equivocal. Models based on the PN concept accurately and precisely predicted

foliage production, but the link between nitrogen uptake and production was weak.

This study was certainly not a definitive test of the PN concept, and results were

promising.
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