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8 P.M.: 'WORLD OF SCIENCE,1 

The man on the radio 

explains the way the winds blow. 

I sigh. 

Ijust don't follow. 

This child here's 

no better. Yet his kites fly. 

1 By Sam Hunt. Quoted from 'Ten modern New Zealand poets', chosen by Harvey McQueen and 

Lois Cox. Longman Paul, Auckland, New Zealand, 1974 
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This thesis investigates the abiotic control of carbon (C) and water vapour fluxes (FC02 and E, 

respectively) in a New Zealand Pinus radiata D. Don plantation and a nearby clearcut. It concentrates 

on the limitation of these fluxes imposed by growing season soil water deficit. This results from low 

precipitation (658 mm a-I) in combination with a limited root zone water storage capacity of the very 

stony soil (> 30% by volume). 

The thesis analyses results from seven eddy covariance flux measurement campaigns between 

November 1994 and March 1996. The study site was located in Balmoral Forest, 100 kIn north-west 

of Christchurch (420 52' S, 1720 45' E), in a (in November 1994) 8-year-old stand. One set of 

measurements was conducted in an adjacent clearcut. Ecosystem flux measurements were 

accompanied by separate measurements of ground fluxes and of the associated environmental 

variables. Flux analysis focussed on the underlying processes of assimilation (Ae), canopy stomatal 

conductance (Ge) and respiration (Reco), using biophysical models coupled to soil water balance and 

temperature subroutines. Aiming to link time integrated net ecosystem C (NEP) to tree growth, 

sequestration in tree biomass (NPP) was quantified by regular measurements of stem diameter using 

allometric relationships. 

Average rates of Fc02 and E were highest in spring (324 mmol m-2 d-l and 207 mol m-2 d-l
, 

respectively) when the abiotic environment was most favourable for Ge and Ac. During summer, 

fluxes were impeded by the depletion of available soil water (8) and the co-occurrence of high air 

saturation deficit (D) and temperature (T) and were equal or smaller than during winter (Fc02 = 46 

mmol m-2 d-l in summer and 115 mmol m-2 d-l in winter; E = 57 and 47 mol m-2 dOt, respectively). 

With increasingly dry soil, fluxes and their associated ratios became predominantly regulated by D 

rather than quantum irradiance, and on particularly hot days the ecosystem was a net C source. 

Interannually, forest C and water fluxes increased strongly with rainfall, and the simultaneously 

reduced D and T. For two succeeding years, the second having 3 % more rain, modelled NEP was 515 

and 716 g C m-2 a-t, Ac 1690 and 1841 g C m-2 a-I and ~o 1175 and 1125 g C m-2 a-I. 
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NEP / E increased in wetter (and cooler) years (1.3 and 1.5 g kg-I), reflecting a relatively larger gain 

in NEP_ Responding mainly to increased rainfall during commonly dry parts of the year (ie summer), 

and reflecting the otherwise benign maritime climate of New Zealand, NEP during the winter months 

could exceed NEP during the middle of the notional tree growing season. 

Annual Ac' NEP, and NPP were strongly linearly related. This relation did not hold during bi-weekly 

periods when the processes of intermediate C storage were influential. Separate knowledge of tree 

growth and C fluxes allowed quantification of autotrophic, and heterotrophic respiration (Rhet "" 0.4 

NEP), as well as fine-root turnover ("" 0.2 NEP). The ratio of NEP and stem volume growth was 

conservative (0.24 t C m-3
) and allows a direct connection to be made between ecosystem carbon 

fluxes and forest yield tables 

In the absence of living roots, the clearcut flux measurements demonstrated the expected limitation of 

Rhet by soil temperature (T.) and e. However, an additional 'pumping effect' was discovered at the 

open site whereby turbulence increased CO2 efflux considerably when the soil surface was wet. 

Accounting for the combined effects ofT., e and turbulence, annual Rhet at the clear-cut site (loss to 

the atmosphere) was »50 % of NEP (C sequestered from the atmosphere) in the nearby forest. 

Clearly, there is an important contribution of C fluxes during early stages of ecosystem development 

to the total C sequestered over the lifetime of a plantation. 

KEYWORDS: canopy assimilation, canopy conductance, surface conductance, soil respiration, 

ecosystem respiration, carbon sequestration, root growth, soil water balance, eddy covariance, model, 

interannual variability, net-primary productivity, net-ecosystem productivity 
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CHAPTER 1: INTRODUCTION 

Carbon and water fluxes in forest ecosystems 

- A global perspective 

Though disputed by some, detailed modelling analyses are leading to a growing consensus amongst 

scientists, that climatic changes may be quantitatively associated with rising atmospheric 

concentrations of CO2 and other greenhouse gases and with human land-use changes (Kerr 1995, 

1996, Hasselmann 1997). Widespread concern about the ecological and socio-economic impacts of 

'global change' (Betts et al. 1997, Anonymous 1997) led in 1992 to the formulation of the 

Framework Convention on Climate Change ('Rio Accord'). The Rio Accord states the goal to 

"achieve stabilization of greenhouse gas concentrations ... at a level that would prevent dangerous 

anthropogenic interference with the climate". Five years later, as this thesis is being submitted, 

countries "haggle" (Simon Upton, The Christchurch Press, 8 July 1997) at another meeting in Kyoto, 

Japan, over appropriate legally binding commitments to limit greenhouse gas emissions. 

The political recognition of the human impact on global biogeochemical cycles has acknowledged, 

and undoubtedly also accelerated, research efforts to further our understanding of these processes (for 

detailed reviews see Houghton 1995, Hengeveld 1997). From a terrestrial carbon (C) balance point 

of view, some of the major research foci are (Idso and Idso 1994, Schimel 1995, Myneni et al. 1997, 

Dale 1997): 

a) the interaction of atmospheric CO2 concentration and photosynthesis 

b) the abiotic (climatic) regulation of carbon cycles in ecosystems 

c) the interaction of nutrient, water, and carbon cycles 

d) the influence of management and land-use on nutrient, water, and carbon cycles 

It is understood that changing atmospheric composition, climate or land-use not only alter a) - d), but 

in tum, these alterations feed back on the atmospheric composition, climate, and land-use. 

As an example, an increased atmospheric concentration of CO2 may enhance the rate of 

photosynthesis but higher temperatures associated with the greenhouse effect would lead to much 

higher respiration rates. Land-use changes can disturb the partitioning of available energy into latent 

and sensible heat fluxes. This will inevitably modify climate, at least locally. Furthermore, a shift of 

biome distribution with widespread climate change or changed nutrient supply can alter the way 

humans live in the terrestrial biosphere. Clearly, the complexity escalates remarkably with even a 
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slightly increased level of analysis. 

Global carbon cycle analysis has led to the identification of a 'missing carbon sink' somewhere in the 

world, i.e. an observed imbalance of perhaps 1.4 Gt C a·1 between best-estimates of fossil fuel 

emissions, emissions from land-use changes, ocean uptake, uptake in the terrestrial biosphere and 

increase of CO2 in the atmosphere. It is increasingly accepted within the scientific community that we 

can attribute the missing sink to an underestimation of the net C uptake by the terrestrial biosphere. 

Due to the large land surface area (ca 4 billion ha) that is covered by forests and their comparatively 

long life span, the earth's forest ecosystems are being particularly investigated (Tans et al. 1990, 

Kauppi et al. 1992, Dixon et al. 1994, Schimel1995, Ciais et al. 1995). 

The 'search' for the missing sink instigated a considerable amount of carbon arid water flux studies in 

a variety of forest ecosystems (Baldocchi et al. 1996). These studies were facilitated in particular by 

the swift development of the eddy covariance technique, which allows direct measurements of 

ecosystem - atmosphere exchange of mass and energy (Baldocchi et al. 1988). Repeated and/or 

continuous (annual) measurements of forest C and water fluxes have been made in temperate (W ofsy 

et al. 1993, Hollinger et al. 1994, Greco and Baldocchi 1996, Goulden et al. 1996b), tropical (Grace 

et al. 1995 a,b) and boreal forests (Hollinger et al. 1995, 1997, Black et al. 1996, Baldocchi et al. 

1997 a,b). These data sets have not only demonstrated a wide range of net uptake rates, but also a 

significant interannual variability within similar ecosystems. The data collected have also been 

utilised to expand know ledge of the physiological processes of photosynthesis and respiration (e.g. 

Aber et al. 1994, Lloyd et al. 1995b, Amthor et al. 1994). 

With the growing number of eddy flux studies, our understanding of 'ecosystem physiology' has 

already greatly improved. However, the emphasis has been overwhelmingly on canopy 

photosynthesis, reflecting a remarkable relative lack of interest and understanding of the regulatory 

mechanisms of respiration. This is despite the fact that roughly half of C assimilated by terrestrial 

plants is released back to the atmosphere (Amthor 1997). Amidst environmental conditions that have 

received little attention from eddy flux researchers is soil water deficit, despite the close coupling of 

plant water and carbon fluxes via stomatal conductance. Water stress also limits heterotrophic 

respiration, both at very high and very low soil moisture levels. Another prevalent condition is that 

eddy flux measurements have largely been confined to ecosystems in their 'equilibrium' state, even 

though the largest transient changes in mass and energy exchange can be expected from disturbed 

(unhealthy, cut, burnt, regrowing etc.) systems. 

Despite the recognised difficulty of quantifying long-term rates of forest C storage, plantations and 
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regrowth of natural forests are promoted as ways to 'offset' anthropogenic C emissions (Sedjo 1989, 

Harmon et al. 1990, Vitousek 1991, Kiirsten and Burschel 1993). During the Kyoto meeting, there 

may be agreement on binding limits for greenhouse gas emissions. A more accurate estimate of the C 

mitigation potential of existing and additional forests can thus be of great political and economic 

importance (deliberately neglecting here other important issues like biodiversity, hydrology, 

aesthetics). These estimates have to correctly account for C uptake in above- and below-ground 

biomass, as well as for long-term changes in soil C storage rates, and for impacts of land management 

(e.g. harvesting, planting, use of wood products). 

Carbon and Water fluxes in forest ecosystems 

- A New Zealand perspective 

By signing the Rio Accord, New Zealand agreed to stabilize greenhouse gas emissions at the level of 

1990. Current government policy aims to achieve 80% of the necessary net reduction via C uptake in 

new plantation forests (mostly Pinus radiata). This policy has been challenged, because of the 

possibilities of potential net losses from the soil C store following conversion of pasture to plantation 

forest (Tate 1996). It is also doubtful whether existing statistical models used to estimate forest C 

storage (e.g. Hollinger et al. 1993) can be successfully applied over the entire range of growth 

conditions in New Zealand (see next paragraph), and in a possible future climate. Plantations 

established today will potentially experience a different abiotic environment within one or two 

rotations of tree growth (i.e. 50 years). Alternatively, a more 'process-based' approach to estimate 

forest C uptake may be essential for making responsible, ecologically and economically viable 

decisions about future investment in tree planting. 

Because of currently favourable timber prices, New Zealand's P. radiata estate has already 

significantly expanded recently. The expansion has notably occurred in the drier parts of the country 

where annual precipitation is close to the limit for economically acceptable growth rates for P. 

radiata trees (650 mm a· l
, Grace et al. 1991). In northern Canterbury, for example, soils and growth 

conditions are significantly different from the central North Island where traditionally most of the 

estate is located. It is unlikely that mensurational relations from areas where available soil water does 

not limit tree growth and/or heterotrophic activity can reproduce a viable estimate of the C uptake of 

forests growing in these dry areas. 

To address some of the gaps in knowledge identified by these 'global' and 'New Zealand' 



perspectives, the goal of this thesis is to quantify the seasonal and interannual 

variability of forest-atmosphere carbon and water exchange rates in a 

Pinus radiata plantation subject soil water deficit. This goal is achieved by 

Q Detennining environmental regulation of measured ecosystem net carbon exchange rate and rates 

of ecosystem and ground evaporation and respiration 
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Q Coupling a mechanistic model of leaf photosynthesis with empirical functions describing 

respiration and evaporation rates, and s()il water and temperature submodels to quantify seasonal and 

annual ecosystem carbon and water fluxes based on weather station data 

Q Comparing the C flux data with measurements of tree growth to provide a connection between 

ecosystem C exchange research and widely available forest yield information 

Q Evaluating effects of tree harvesting on carbon efflux from a forest soil 

The thesis consists of four chapters describing the research (Chapter 2 to 5), followed by a general 

discussion, conclusions and recommendations for future research (Chapter 6). Chapter 2 investigates 

the combined influence of soil moisture, temperature, and of air turbulence on the regulation of soil C 

loss at a clear-felled site. In Chapter 3, the seasonality of whole ecosystem and ground fluxes at the 

forest site is related to the abiotic environmental conditions during the periods of eddy flux data 

collection. Chapter 4 describes the modelling analysis used to integrate the seasonally measured 

fluxes. The model is more fully described in the Appendix. Chapter 5 connects the modelled C and 

water fluxes to tree growth data in order to investigate C sequestration within the ecosystem. The four 

data chapters are formatted for publication in scientific journals. Chapter 2 has been accepted for 

publication and Chapters 3 and 4 have been submitted. Chapter 5 will be submitted shortly. All cited 

references are listed together following Chapter 6. 
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CHAPTER 2: ENVIRONMENTAL VARIABLES REGULATING SOIL CARBON DIOXIDE 

EFFLUX FOLLOWING CLEAR-CUTTING OF A PINUS RADIATA D. DON 

PLANTATION l 

Abstract 

The regulation of soil surface CO2 efflux (Ps) from a dryland Pinus radiata clearcut in New Zealand 

(658 mm annual rainfall, 50 mm soil water storage over 0.5 m depth of soil) was quantified using a 

multiplicative, soil-moisture- and temperature-constraint model. Model parameters were determined 

from measurements of Fs by eddy covariance, and by two portable CO2 analysers equipped with soil 

chambers, during 8 consecutive days in November 1995. Fs from the two chamber systems agreed 

consistently but agreement between chamber and eddy covariance measurements was confined to a 

very small flux-range (1.5 - 2.5 !lmol m-2 S-I). When the soil surface was wet and wind speed (u, a 

surrogate for static pressure fluctuations) was high, eddy covariance fluxes were> 3 !lmol m-2s-1 

(maximum 5.0 !lmol m-2s-I), significantly higher than the chamber values. Including u as third 

constraint in the model facilitated good predictions of Fs over the entire range of environmental 

conditions. Daily Fs during the study period ranged from 0.8 to 2.9 g C m-2
• Driven by weather data 

from the forest fire station, and subroutines for soil water balance and temperature, modelled Fs for 

the year ended June 1996 was 0.37 kg C m-2
• This year had below-average (547 mm) rainfall. For a 

year with 640 mm rainfall, a significant increase of annual Fs (0.44 kg C m-2
) demonstrated the severe 

restriction of soil microbial activity by moisture deficit at dryland sites. Moreover, when the soil was 

adequately watered, Fs was frequently restricted by low wind speed. 

IChapter 2 is accepted for publication as Arneth et al. in Journal of Geophysical Research 



Introduction 

Carbon dioxide efflux from soil is the second largest carbon flux in terrestrial ecosystems, second 

only to gross-primary production (Raich and Schlesinger 1992) and is strongly influenced by soil 

temperature and moisture. With a global soil carbon pool of 1.4 X 1018g (Post et al. 1982), and 

anticipated climate - and land use changes, there is concern about positive feedback of increased 

decomposition and soil CO2 efflux on carbon loading in the atmosphere (Tinker and Ineson 1990, 

Jenkinson et al. 1991, Trumbore et al. 1996). 

6 

Soil surface CO2 efflux rate (Fs) has generally been measured using small chambers with alkali 

absorption or portable infrared CO2 analysers, and to an increasing extent, rnicrometeorological 

techniques (e.g. eddy covariance) (Baldocchi et al. 1986, Baldocchi and Myers 1991, Norman et al. 

1998). Multiplicative soil moisture and temperature -constraint models that reflect the underlying 

biophysical processes have reproduced measured Fs in a number of studies (e.g. Norman et al. 1992, 

Raich and Schlesinger 1992, Kicklighter et al. 1994, Nakane and Lee 1995). However, all 

measurement techniques have their specific, recognised flaws making it difficult to synthesize data 

from different studies by modelling. For example the static alkali technique commonly 

underestimates Fs at high rates (Ewel et al. 1987a, Nay et al. 1994, Haynes and Gower 1995, Healy et 

al. 1996, Jensen et al. 1996) and is no longer accepted as reliable CO2 flux measurement device. 

Portable gas analyser / chamber systems require repetitive measurements that can disturb the soil 

surface, whereas the rnicrometeorological approach unobtrusively provides continuous, large-scale 

integration, of the order of several hectares (Schuepp et al. 1990; although beneath a plant canopy 

this area is greatly reduced, Baldocchi 1997a). This approach avoids also the statistical uncertainty of 

scaling up replicate small chamber measurements, but adequate wind speed is required. There is only 

scant literature available that compares Fs measured by different techniques. We are aware of only 

one direct comparison of measured soil CO2 efflux from a rnicrometeorological technique (Bowen 

ratio method) and data from a chamber technique (Dugas 1993); Norman et al. (1998) recently 

compared CO2 efflux data from different forest soils obtained by a variety of techniques, however had 

to account for understorey photosynthesis. 

The purpose of this study was to evaluate the effects of soil temperature and moisture interactions, as 

imposed by management, on Fs from a forest soil. Four months after clear-cutting an extensive, flat 

Pinus radiata stand, after the tree roots had died but before herbaceous regrowth, Fs was measured 

directly by eddy covariance over 8 days of variable weather. Additional measurements were made at 

regular intervals and multiple locations using two types of portable CO2 analysers equipped with soil 

chambers. Comparison of the two methods and analyses with supporting environmental 
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measurements were used to develop a simple mechanistic Fs model, including soil evaporation, water 

balance and temperature sub-models, that could be driven by data collected at a local forest fire 

weather station. The model was used to examine the influence of environmental variables on Fs' and 

to estimate annual net carbon losses from the clearcut for the dry year following measurements (547 

mm a-I rainfall) and another climatologically closer-to-average year with 640 mm of rainfall. 

Site characteristics 

The site was a ca.70 ha clearcut, harvested in July/August 1995 of 22-year-old Pinus radiata D. Don 

trees of density 380 ha-I, within Balmoral Forest plantation located 100 kIn north-west of 

Christchurch, New Zealand (Lat. 42° 52' S, Long. 172° 45' E, elevation 198 m asl). The site is flat, 

and in September 1995, it was 'rip-lined' ploughed to a depth of 1 m for later tree seedling planting 

with 4 - 5 m spacing between the plough lines. Measurements were conducted from 23 November 

until 1 December 1995. By this time, all roots of the cut trees had died as determined by excavation, 

and there was virtually no live vegetation present. Observations at 5 m intervals along four 40-m

long and eight 200-m-Iong transects indicated that ca 15 % of the ground was covered with coarse 

woody debris left from the logging operation. The sparse cover of coarse woody debris was generally 

about 0.2 - 0.3 m high, spread uniformly over the site by a blade in front of a bulldozer prior to the 

ploughing; it was sampled along the four 40 m transects in 1 m wide strips and averaged 2.7 ± 0.8 kg 

m-2
• There also was 1.2 ± 0.3 kg m-2 of forest floor debris (needles and small twigs), measured at 5 m 

intervals in 0.3 X 1 m2 plots along the transects. 

The soil, known as Balmoral (very) stony sandy loam, has little structure (Trevor Webb, pers. comm., 

1995). Located on a pre-glacial terrace next to the Hurunui river, the volumetric stone content 

(particle size> 2 mm) is 33 ± 21 % in the top 0.1 m (sample size, n, = 8, Table 2.1) and increases 

with depth to 60 ± 9 % below 0.5 m (n = 4). From data for a similar soil at a nearby pasture site, 

water storage capacity in the top 0.5 m of soil, was 50 mm between suctions of 10 and 1500 kPa 

(Trevor Webb, pers. comm., 1995). Annual rainfall and air temperature average 658 mm and 10.8 °C, 

respectively. The soil is prone to water deficit during most of the tree growing season. 

Coarse root biomass, calculated using a linear regression against tree-stump basal area (a, y = 885a, r 
= 0.97, n = 5), was 3.4 kg m-2

• Soil carbon (C) content, obtained from samples at 4 locations to 

0.65 m depth, was 4.3 ± 0.8 kg m-2
, with 40% located in the top 0.1 m (Table 2.1). The amount of 

inorganic C in the soil is negligible. Soil microbial carbon and nitrogen contents decreased 

exponentially with depth; 60% of total microbial C (24.6 g m-2
) and 71 % of total microbial N 



(3.6 g m-2
) was in 0 - 0.1 m (DJ. Ross, pers. comm., 1996). 

Table 2.1- Stone content (by volume), soil carbon (C) concentration, C : N (nitrogen) ratio, and C 

content by soil depth. Data are averages ± sd from 4 samples, except volumetric stone content for 0 -

0.1 m which comprises 8 samples from 0-0.05 and 0 - 0.1 m. C and N data are for stone-free fraction 

(particle size < 2 mm). 

depth stone content (%) C in soil C:N in soil C per depth 

(m) (mg g-I) (kg kg-I) (kg m-2) 

0.0-0.1 33 ±21 29±9 23.7 ± 4.7 1.7 ± 0.2 

0.1-0.2 28 ±21 18 ±7 18.9 ± 3.7 1.1 ± 0.2 

0.2-0.3 44±21 1O±3 14.6 ± 4.3 0.8 ±0.2 

0.3-0.5 57±7 6±2 13.3 ± 2.9 0.4 ± 0.1 

0.5-0.65 60±9 4±1 15.1 ± 2.2 0.3 ± 0.1 

Measurements 

Soil chambers 
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Fs was measured concurrently using two portable CO2 analysers equipped with a soil chamber: the 

coupled SRC-1 and EGM-1 ofPP Systems (Hitchin, Herts, UK), and the LI-Cor 6200 portable gas 

exchange system (LI-Cor, Lincoln, NE, USA). The two systems are generally similar; both consist of 

a small, closed chamber which is placed tightly onto the soil surface, and from which air is drawn to a 

portable infrared gas analyser (IRGA). The CO2 flux is proportional to the change of CO2 

concentration within the chamber over the measurement time « 2 min). The PP Systems chamber 

encloses a surface area of 7.1 X 10-3 m2 and the chamber + tubing volume-to-surface area ratio is 1.5 

X 10-3 m3 m-2
• A small, low speed fan ensured mixing of air within the chamber during the 

measurements. Fs is calculated by software included with the IRGA, which indicates non-linear 

increases in chamber CO2 concentrations, thus providing feedback on potential leakages. Soil 

temperatures at a depth of 0.02 m were measured at each measurement location with a 5-mm

diameter metal probe containing a thermistor. The system is described further by Parkinson (1981) 

and Jensen et al. (1996). 

The soil surface enclosed by the LI-Cor system was 8.1 X 10-3 m2
, and the chamber did not contain a 



fan. Before measurement, the chamber air CO2 concentration was drawn down below the ambient 

level using the LI-6200 scrubber. During measurement, CO2 concentration inside the chamber 

increased and to check for leaks, efflux rates were compared from computations done below, at, and 

above the ambient CO2 concentration. A detailed description of the field sampling protocol and data 

analysis are provided by Norman et al. (1992) and Haynes and Gower (1995). Soil temperature was 

measured with separate metal probes at depths of 0.02 and 0.10 m. 

9 

To avoid soil surface disturbance during repeated measurements, and to ensure repetition at identical 

locations, 15 plastic collars with a sharpened edge (40 mm tall, wall thickness = 3 mm) were installed 

to exactly fit the chamber's outer-diameter. This was done in an area about 50 m south of the eddy 

covariance tower (see below). The collars were inserted 25 mm into the soil on the day before 

measurements with the smaller diameter collar for the PP Systems chambers placed inside the larger 

one for the LI-Cor chamber. Two sets of 15 measurements were usually completed within 40 min by 

two chamber operators. The collars eventually lost tight contact with the soil and were moved to 

different locations after 4 days. To obtain a broader range of Fs data, additional chamber 

measurements were made at a fertilized pasture located near Lincoln, 120 km to the southeast. An 

aqueous glucose solution was applied to the loam soil there, and measurements were made 2 and 5 

days later. 

Eddy covariance 

Fs was also measured continuously by the eddy covariance technique. The technique and 

instrumentation used were described by Hollinger et al. (1994, 1995). Instrumentation was located 

atop a 6-m-tall tower erected towards the south-eastern comer of the clearcut; distances to theN, E, S 

and W borders were ca 1000, 350, 150 and 500 m respectively, and the site was surrounded by 

variable-aged P. radiata forest stands. With prevailing north-westerly winds expected, the tower 

location maximised the daytime fetch and the upwind linear flux footprint was estimated to be 600 m 

(Schuepp et al. 1990). Power was supplied by a generator located 150 m south of the tower. 

Fs was determined from high-frequency (10 Hz) measurements of vertical wind speed (w; 3-

dimensional sonic anemometer, model SWS 211 with a 3KE probe, Applied Technologies, Inc., 

Boulder CO, USA) and CO2 concentration (c) averaged for 30 min periods. Fluxes were calculated 

from the covariances of fluctuations in vertical wind speed (w') with fluctuations in the CO2 

concentration (c'), Fs = Pa w' c' where Pa is air density, the primes indicate deviations from the mean 

and the overbar signifies a time average. Air was sampled at 4 I min·] through a 4-mm inside

diameter polypropylene tube, located next to the sonic anemometer, to a closed-path nondispersive 

infrared gas analyzer (model 225 Mk3, Analytical Development Company, Hoddeson, England) on 
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the ground inside a tent. The resulting pressure drop was typically:::: 4 kPa. The analyser was 

operated in a differential mode with ambient air sealed in the reference cell; analyzer gain was 

checked every 2 to 3 days. Before entering the thermostated analyser, the air passed through a heat 

exchanger to avoid significant flux corrections due to air density changes associated with variation in 

sensible heat flux (Webb et al. 1980). Applied corrections accounted for the following: changes in air 

density associated with variation in latent heat flux density (AE; measured by eddy covariance as 

described later) following Webb et al. (1980), (wand c) sensor/air intake point separation, incomplete 

spectral response of the analyser, signal processing (Moore 1986), the high frequency filtering effect 

of the air sampling tube, and cross-sensitivity of the analyser to water vapour (Leuning and Moncrieff 

1990, Leuning and Judd 1996). The corrections were typically of order 8 - 15%. All data were 

captured by computer, stored on removable hard disk cartridges (SyQuest Technology, Fremont, CA, 

USA) and processed using software developed by McMillen (1988, the time constant for the digital 

filter was 600 s) and Hollinger et al.(1994). Changes in 30-min average CO2 concentration were 

generally negligible at a height of 6 m so changes in CO2 storage in the air column below the 

instrumentation were not included in the calculations. 

Adapting criteria presented by Hollinger et al. (1995), eddy covariance data were scrutinized 

according to rainfall, excessive variances in temperature, H20 and CO2 concentration, and wind 

speed and direction. Due to the location of the measurement tower and the ge~erator, data for wind 

from 800 
- 2200 were excluded. With uncharacteristically low wind speed, frequently from SW-SE, 

and 20 h of rainfall during the measurements, 70 h of mostly daytime data were chosen for analysis. 

These data were further scrutinised by energy balance measurements whereby Ra = Rn - G = H + AE 

with Ra being available energy, Rn being net all-wave radiation, and G, H and AE being soil heat flux, 

sensible and latent heat flux densities, respectively. Rn was measured at 5 m with a Middleton-type 

net radiometer (model CNl, Carter-Scott Design, Fairfield, Victoria, Australia), sampling an areal 

diameter (centred at the tower) of 30 m for a 90% view factor (Reifsnyder 1967). For the 

measurement of G, calibrated heat-flux plates (Weaver and Campbell 1985) buried to a depth of 50 

mm and accompanying thermocouples at depths of 10 and 30 mm were placed in seven locations 

within a 200 m2 circular area beneath the net radiometer. The turbulent fluxes H and AE were 

measured by eddy covariance with the scalars being air temperature (T, H = Pacp w' T' where cp is the 

specific heat of air at constant pressure) and water vapour density (Pv, AE = A w' pv'). Measurement 

of Pv was by an open-path ultraviolet absorption hygrometer (model KH20, Campbell Scientific, 

Logan UT, USA). AE was corrected for changes in Pv attributable to H (Webb et al. 1980). The 

hygrometer was calibrated as described by Kelliher et al. (1997a) with the water vapour and oxygen 

absorption coefficients being 0.1190 and 0.066, respectively (Tanner et al. 1993). The absorption 

corrections become significant at high Bowen ratio (~= HlAE). With ~ sometimes> 5, AE was 



corrected by up to 50%. However, because AE was generally < 40 W m·2 at these times, the 

correction was absolutely small. 

Environmental variables 
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Air humidity and temperature were measured at a height of 5 m (model 2011 capacitative humidity 

sensor and thermistor in a white, louvered and naturally-ventilated shield, Skye Instruments, Powys, 

UK). Total visible irradiance (Q) was also measured there with a quantum sensor (model LI190SZ, 

LI-Cor, Lincoln, NE, USA). An automated tipping bucket and a storage rain collector were located at 

ground level. Soil temperatures were measured near the tower with thermocouples at depths of 10, 

20, 50, 100, 200, 300, 400, 500 and 900 mm. All environmental data were recorded as 30 min 

averages using data loggers (model CR-lO, Campbell Scientific, Logan, UT, USA). Half-hourly 

measurements of Q, Pv' T, wind speed and wind direction, and rainfall were also made at the forests' 

fire station, approximately 2 km south of the clearcut over a 2 year period. 

To measure soil volumetric water content (8), soil samples were excavated daily at depths 0 - 0.02, 

0.02 - 0.05,0.05 - 0.10 m at four locations, and 0.1 - 0.2 and 0.2 - 0.3 m at two locations. The 

gravimetric data were converted to a volumetric basis using separate measurements of soil bulk 

density and stone content. 8 was also measured daily over depth 0 - 0.3 m at five locations by time 

domain reflectometry (TDR; Model MP-917, Gabel Corporation. Victoria, BC, Canada). Following 

Hook and Livingston (1996), we calculated 8 = [0.1256 (t/ta - td/tJJ where ts, ta and tds are time 

delays for the 300-mm-Iong probes (comprised of three 3 mm diameter stainless steel rods, Hook et 

al. 1992) located in air, the field-moist soil, and in dry soil, respectively. The values of ta and tds were 

determined for each probe before and after vertical installation in the soil and no significant changes 

were found. 

Soil surface CO2 efflux density model 

Several empirical-phenomenological models, accounting for soil temperature (Ts) and moisture (8) 

effects, have been created to predict Fs over different spatial and temporal scales (e.g. Schlentner and 

van Cleve 1984, Carlyle and Than 1988, Norman et al. 1992, Kicklighter et al. 1994, Ostendorf 

1996, Wagai et al. 1997). Of these, the model of Norman et al. (1992) is particularly useful because 

its five parameters explicitly reflect the underlying processes involved: maximum Fs = Fsmax obtained 

at Tsmax (OC) ::::: the maximum (reference) value of Ts' a Ts coefficient = c (0e-I) with QIO = exp (c X 

10°C), 8max = maximum 8 that can be held against gravity (ie, suction::::: 10 kPa), and 8miD = 

minimum 8 of the air-dry soil. QIO is commonly used for describing the increase in Fs over a 10 °C 
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increase in Ts. However, QIO is itself temperature dependent, and its interpretation must be treated 

with caution (Lloyd and Taylor 1994). 8 max and 8 miD can be estimated independently of the Fs data set. 

The model may be written: 

(2.1) 

Equation (2.1) is a multiplicative model with independent soil moisture and temperature constraint 

terms, varying between 0 (asymptotically in the case of temperature) and 1. The limits of Fs are thus 0 

and Fsmax' the latter reflecting the influence of substrate. 8max was set to 0.23 (m3 H20 m-3 soil, 

dimensionless), which was derived from 8 = 0.35 at 10 kPa suction for a stone-free soil sample in the 

laboratory, minus the 33% volumetric stone content in 0-0.1 m in this soil. 8miD was set to the 

minimum measured value (0.04 ) from the clearcut and an adjacent forest with similar soil. The 

remaining variables in (2.1) were determined by non-linear regression analysis (Sigma Plot, Jandel 

Scientific, CA) using a random selection of two thirds of the Fs data. The remaining third of the data 

was not significantly different (p=0.05; mean, minimum and maximum were 2.2, 0.2, 5.0 for the 2/3 

data, and 2.0, 0.6, 4.4 for the 1/3 data, respectively), and was reserved for validation of the model Fs 

calculations. 

Soil water balance sub-model 

To use (2.1) prognostic ally for annual Fs estimates, a soil water balance sub-model was required. The 

sub-model simulates soil water storage WI (volumetric water content, 8, multiplied by the depth of 

soil, in units of mm) at a given time t. Key parameters required are antecedent storage (WI_I), and the 

average rates of precipitation (P), drainage (D), and evaporation (E). To align the sub-model with the 

eddy flux and chamber measurements, WI is calculated over the time step from t-1 to t (At) = 1 h: 

WI = WI_l + (P - E - D) .At. (2.2) 

The model was started on 1 July 1995 with 8 = 8max (0.23) following 173 mm of rain during June 

1995. The model has five soil layers including 0 - 0.01, 0.02 - 0.05, 0.05 - 0.1, 0.1 - 0.2 and 0.2 - 0.3 

m. Water content over 0 - 0.01 m has to be modelled as input into the evaporation sub-routine (see 

eqn 2.3). The rest of the profile was chosen to synchronise the model output with our field sampling 

scheme for gravimetric soil water content. 

Concurrent measurements of P at the clearcut and forest fire station during the study identified a 

steep rainfall gradient towards a mountain range to the northwest; hence P from the fire station was 

increased by 60% for use at the c1earcut site. Soil drainage was modelled by a series of five 'buckets' 
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whereby if 8max of the top soil layer was exceeded after rainfall, the excess water drained into the next 

lower layer and so on (Gardner 1983). Excess water drained from the lowest layer was removed as 

deep percolation. Because of the generally low, evenly distributed rainfall, soil saturation and surface 

ponding were not observed and are thus not included in the model. 

Soil evaporation was calculated after Campbell (1985), with some modification as 

(2.3) 

where hs and ha are relative humidities close to the soil surface (ie, the 0 - 1 mm layer) and in the 

near-surface atmosphere, respectively, and Eeq is the equilibrium evaporation rate (Eeq = [e I (e + 1)] 

Rn with e being the temperature-dependent rate of change of latent heat content of saturated air with 

change of sensible heat content). Evaporating water was removed from the soil surface downwards 

until each layer's water content reached its lower threshold. Otherwise, there was no vertical transfer 

of water vapour between layers. Eeq depends mainly on net radiation (Rn) and a regression between Rn 

at the clearcut and Q, measured at the fire station (Rn = 0.36 Q - 27, r = 0.99), was used for 

estimating Rn throughout the year. hs is calculated from soil matric potential ('£1, Pa) as hs = exp (Mw 

'£1 I PwRTs) where Mw is the molar mass of water (kg mol ,I), Pw is density of water (kg m'3) and R is 

the gas constant (J mol'l KI). '£1 and 8 are related by the retention function as '£1 = -10 (8 18maxYS, 

based on laboratory measurements of stone-free top soil. 

Soil temperature sub-model 

A soil temperature sub-model was also required to use (2.1) prognostic ally for annual Fs estimates. 

Soil temperature variation is driven by the surface energy balance. Damping of temperature variation 

with depth in soil is determined by the thermal conductivity and heat storage capacity, in turn 

governed by the relative organic, mineral and water contents. Based on Fourier's Law, assuming the 

soil is uniform and infinitely deep, Ts over a given depth range (z) varies with time (t, h) as: 

Ts = Tsoave + Aso e'zID sin (w t - zJD) (2.4) 

where Tso•ve is the average daily soil surface temperature (Tso), Aso is the daily amplitude of Tso, D is 

the damping depth, and w is the angular frequency (2n124 h). t = 0 when Tso = TsOave and is 

increasing. 

In the model, Tso (0C) was determined from air temperature, T., depending on the cloudiness of the 

sky, following Campbell (1981). Cloudiness was estimated by comparing measured Q with clear sky 

visible irradiance (Qc). Qc was calculated from the extraterrestrial irradiance (Qe, Campbell 1981) 



mUltiplied by an atmospheric transmissivity of 0.83, detennined from the maximum site values of 

QIQe. The following equations were utilized: 
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Tso = 0.57Ta + 6.6 

Tso = 0.67Ta + 8.6 

Tso = 0.99Ta + 0.9 

Tso = 1.41T. + 6.6 

when Q = 0; r = 0.75 

when QIQc < 0.8; r = 0.69 

(2.5) 

Results and Discussion 

Measurement of F. 

when QIQc ~ 0.8 and Ta !> 200
; r = 0.46 

when QIQc > 0.8 and T. > 200
; r = 0.76 

There was generally good agreement between Fs from the two soil chamber systems, although in the 

glucose-irrigated soil, higher fluxes were obtained from the LI-Cor (Figure 2.1). Overall, regression 

through the origin yielded the relation LI-Cor = 1.06 PP Systems (± 0.43; r = 0.96). Average Fs 

values for the c1earcut were 2.2 (± 0.5) and 2.3 (± 0.6) IlIDol m-2 
S-I for PP Systems and LI-Cor, 

respectively. These data were thus pooled for further analyses. 
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Figure 2.1 - The relationship between soil surface CO2 efflux density measured by two chambers 

connected to portable infrared gas analysers (PP Systems and LiCor 6200). Data> 7 Ilmo} m-2s-1 were 

created by supplying a glucose solution to a well-fertilized pasture (open symbols). All other 

measurements were made at the c1earcut study site (closed symbols). Data are averages ± s.d. for 15 

locations at the c1earcut, and 10 locations at the 'sugar-plot'. No set of measurements took more than 

1 hour. The line shows the 1: 1 relationship. 
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The eddy Fs data were supported by an adequate energy balance of (H+AE) = 0.85 Ra + 3.2 (r= 0.95, 

n = 159). Average values of Ra and (H + AE) were 278 ± 150 and 266 ± 109 W m·2, respectively, and 

not significantly different (p = 0.05). Under clear sky, soil heat flux attained a mid-afternoon 

maximum of 110 W m·2, when Rn was 490 W m"2, and an early morning minimum of -51 W m"2. 

Daytime average Bowen ratio (HlAE) was 4.5 but it ranged from 0.5 after rain to 21.0 on a warm, dry 

afternoon when Ra = 324 W m"2 and AE = 15 W m"2. Daily E varied from 0.6 (on 24 November) to 

3.4 mm d"1 (26 November, following 15 mm rainfall). 

There was generally disagreement between chamber and eddy covariance measurements of Fs. Eddy 

Fs varied from near 0 up to 5 /lmol m"2 S"I, while chamber Fs was 1 - 3 /lmol m"2 S"I • Only over a 

small common range of fluxes (1 - 2.5 /lmol m"2 S"I, Figure 2.2), chamber fluxes increased with eddy 

Fs' and were not significantly different (t-test, P<O.OI). Nay et ai. (1994) demonstrated in a laboratory 

experiment that chambers similar to those used in this study underestimate true CO2 efflux by about 

15%. This underestimation is consistent with theoretical predictions based on gas flow theory (Healy 

et al. 1996, their 'perfectly mixed' scenario). However, when Fs > 2.5 /lmol m"2s"1, the observed 

underestimations of Fs by the chambers were much larger than expected solely from the inevitable 

distortion of the soil-atmosphere diffusion gradient. There are at least four other potential reasons for 

this disagreement, the first three of which relate to the small-scale nature of chambers and which 

should have affected these measurements across the entire range of data. 

1) The chamber measurements were made in an area unrepresentative of the 600-m-Iong upwind 

eddy fetch. Although the source areas involved in the two measurements differed by ca. five orders of 

magnitude, they appeared to be identical in terms of stone content and disturbance by the logging and 

site preparation operations. 

2) Variability between locations statistically dictated that a larger number of chamber measurements 

was required for the best possible estimation of the mean Fs (Dugas 1993). With a typical coefficient 

of variation for the pooled set of 30 measurements per h being 33%, only 2 additional measurements 

would have been required to estimate the true mean value with an error of ± 30%. Consequently, it 

seems unlikely that more chamber measurements would have yielded significantly different results. 

Furthermore, soil temperature during the day changed rapidly enough that reasonably constant 

environmental conditions were generally confined to periods of order 1 h. 

3) The small area of the dynamic chambers measured included only small pieces of woody debris, 

and the potential contribution of tree stumps and larger pieces was ignored (Marra and Edmonds 

1996). Our clearcut was mostly dry and the woody debris had virtually dried (water content < 0.1) in 

the three months after logging. The contribution of CO2 evolution from coarse woody debris to the 

hourly effluxes, compared in this study, was thus likely to be negligible. 
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Figure 2.2 - The relationship of hourly eddy covariance and chamber measurements of soil surface 

CO2 efflux density in the c1earcut. Data from the chambers are averages ± s.d. from 15 locations; 

each set of measurements took ca. 1 hour. The line shows a 1: 1 relationship. Reasons for the poor 

agreement are discussed in the text. 

16 

4) Periods of large disagreement between chamber and eddy Fs were characterized by high wind 

speeds, usually> 4 m S-I. In the laboratory, static pressure changes enhanced the rate of evaporation 

of liquid heptane from porous media when the heptane source was located close to the surface 

(Kimball and Lemon 1971) and covered by coarse material. In the field, static pressure changes are 

created by mechanical and thermal air turbulence. At the floor of a temperate, broad-leaved forest 

with a thick litter layer, eddy Ps increased markedly with increases in standard deviation of the static 

pressure (op) measured just below the surface analogous to a 'pumping action' (Baldocchi and 

Meyers 1991). A chamber obviously shelters the surface from this influence of op on Ps• However, 

surface bulk density and pore size distribution may also reduce effectiveness of the pumping effect, 

because there was no relation between wind speed and Fs' measured by LJ-Cor chamber and Bowen 

Ratio/Energy Balance methods, for a bare clay soil (Dugas 1993). Dugas also obtained good overall 

agreement between chamber and micrometeorological measurements of Ps• 
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Figure 2.3 - A: The relationship between soil surface CO2 efflux density (measured by eddy 

covariance at the clearcut study site) and horizontal wind speed u. Fluxes are normalized with respect 

to the highest measured value of 5.0 )lmol m-2s-1
• The dotted line shows the regression for the entire 

datt set (open and closed circles), while the solid line is a regression through the origin when 0 - 0.05 

m water content ~ 0.17 (open circles; F/Fsmax = 0.14 u, r = 0.4). 

B: Same as A) except for standard deviation in the vertical wind speed (ow) measured by the 

sonic anemometer (F/Fsmax= 1.98 ow, r= 0.3). 

Overall, eddy Fs was not well-correlated with horizontal wind speed u (F/Fsmax = 0.06 u + 0.26, r = 
0.16, Figure 23A) or fluctuations in the vertical wind speed Ow (F/Fsmax = 0.61 Ow + 0.29, r = 0.11, 

Figure 2.3B), both surrogates for op which was not measured in this study. However, following 

Kimball and Lemon (1971), the CO2 source should be located closest to the surface under wet 

conditions when soil microbial activity was restricted only by temperature. This led us to re-examine 

our data when the top 50 mm of soil was well watered (850 ~ 0.17) and find a stronger relation 

between Fs and u (F/Fsmax = O.l4u, r = 0.40, Figure 2.3A). This points to a possible explanation of 

the disparity between chamber and eddy Fs measurements, but also requires consideration in the 

modelling of Fs for 850 ~ 0.17. 

Modelling soil sUiface CO2 efflux 

As stated earlier, > 60% of total microbial C and N were located in the top 0.1 m of the soil. 

Additionally, in the laboratory, 58% of total CO2 released from the soil after a 10 d incubation period 

at 25°C came from the same upper layer (1.23 ± 0.4 )lg g-l h-1
; D. J. Ross, pers. comm., 1996). These 
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data suggest that changes in e and Ts over 0 - 0.1 m will strongly influence Fs' However, variations in 

e and Ts are interactive, so our data did not confirm the expected exponential increase of Fs with Ts 

suggested by eq. (2.1) (eg Lloyd and Taylor 1994) and a linear regression with Ts accounted for only 

7% of the variation in Fs. 

Evaporation is a dominant feature of the water balance of the top 0 - 0.1 m. Overall, agreement 

between measured and modelled daily evaporation rate was ca. 17% (Figure 2.4) when soil relative 

humidity, which drives modelled evaporation in eq. (2.3), was calculated over 10 mm. This is a 

greater depth than suggested by Campbell (1985). The E model excluded vertical water transport in 

the soil, and use of a deeper surface depth appeared to compensate adequately for accurate prediction 

of soil water. Only on days with high ~vaporative demand following rain did the model overestimate 

E (Figure 2.4). 
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Figure 2.4 - Measured and modelled (eq. 2.3) daily evaporation in the clearcut (mm d-
J
). A line 

shows the 1: 1 relationship. 

Given the pronounced spatial heterogeneity in measured soil water content, as reflected in large 

standard deviations, modelled e was in acceptable agreement with measured gravimetric values 

although there was an over-estimate on the day following rainfall, 26 November (Figure 2.5B). The 

modelled data were also supported by good agreement, over 0 - 0.3 m, with the TDR measurements 

(modelled e :::: ].] 2 TDR, Figure 2.5A). 
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Figure 2.5 - A: Modelled daily volumetric soil water content over 0 - 0.3 m in the clearcut (closed 

circles, eq. 2.2), data from TDR measurements (averages ± s.d. from 5 locations, closed squares), and 

gravimetric samples (2 locations, open squares). No TDR measurements were done on 23 November 

and no gravimetric samples were taken on 25 November. 

B: Hourly courses of modelled volumetric soil water content (eq. 2.2) over 0 - 0.1 m (line) compared 

to data derived from gravimetric samples (open squares). Gravimetric data are daily samples from 4 

locations. The vertical bars show hourly precipitation rates (mm h-I) 
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the clearcut. Modelled temperatures were derived from measured surface (0.01 m depth) temperature 

Tso (eq. 2.4) and from modelled surface temperature (eq. 2.5). Values are averages from hourly 

values in 0.01, 0.02, 0.05 and 0.1 m depth. 

The agreement between measured and modelled Ts was equally good using either measured (10 mm 

depth) or modelled Ceq. 2.5) Tso for the calculations (Figure 2.6). For predicting Fs' modelled half

hourly temperatures at 10, 20, 50 and 100 mm depth were averaged. This accounted for variation 

with depth due to amplitude damping (damping depth = 0.08 m) and phase delay in the diurnal 

temperature wave. This depth-integrated soil temperature, incorporating vertical distribution of the 

physical and microbiological environments, should be a superior independent variable to the 

commonly used single-depth soil temperature or air temperature (e.g. Carlyle and Than 1988, 

Norman et al. 1992, Cook et al. 1997, Jensen et al. 1996). 

As well as sub-models for 8 and Ts' the influence of wind speed on Fs needed to be included in the 

model when 850 ~ 0.17 (Figure 2.3). Thus, a third multiplier indicative of this dependence was 

introduced into (2.1). For consistency, this third multiplier had to vary between 0 and unity. 

Consequently, when modelled 8 50 ~ 0.17, a linear wind speed multiplier term was used (0.14 u, 
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Figure 2.3A). The upper limit of 1.0 for this tenn was thus obtained when u = 7.1 m S-I, as is 

consistent with the data in Figure 2.3A. To keep the multiplier within its realistic limits, it is set to 

unity for u > 7.1 m S-I when Bso ~ 0.17. Anticipating later discussion about the year when the model 

was applied, this condition occurred for only 13 hourly values (of 8760). When modelled Bso < 0.17, 

we assumed no influence of u on Fs. Consequently, an average value of u associated with these data 

(= 3.1 m S-I) gave a constant multiplier (0.14 u = 0.43) in the model. Remaining tenns in the Fs 

model could now be determined from non-linear regression with the eddy F. measurements as 

described earlier. The values obtained for Fsmax' Tsmax and c were 7.0 /lmol m-2 
S-I, 20.0°C and 

0.064 °C I
, respectively. c obtained from static chamber F. and Ts measurements at the floor of an 

old-growth Nothofagus rain forest (mean annual rainfall = 2m) located 60km northwest of the study 

site was O.078°C I (Tate et al. 1993). c = 0.064°CI implies QJO= 1.9, which is well within the 

reported range of 1.3 - 3.3 (Raich and Schlesinger 1992, Palmer Winkler et al. 1996). " 
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There was generally good agreement between measured and modelled Fs (Figure2.7) and the two data 

sets were not significantly different (p = 0.40). Close examination of the 3 hourly values of data that 

were obvious outliers, in tenns of Fs and the associated environmental variables, revealed no 

explanation for the disagreement. For the 8-d study period, average and maximum modelled Fs were 

2.0 and 4.7 ~mol m-2 S-l, respectively (Figure 2.8). These were nearly identical to the measured 

values of 2.0 and 5.0 ~mol m-2 S-l. Modelled Fs was highest after rainfall when e was maximum, and 

when u was high (Figure 2.8, Table 2.2). Following surface heating, wind speeds usually increased 

after mid-day and diurnal Fs reached its maximum in the early afternoon. For the 8 measurement 

days, total CO2 efflux was 0.96 mol m-2 (11.5 g C m-2
). Daily sums ranged from 0.06 to 0.24 mol m-2 

(0.76 - 2.88 g C m-2
) and averaged from 0.7 to 2.7 ~mol m-2 

S-l (Table 2.2). 
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Figure 2.8 - Diurnal course of modelled soil surface CO2 efflux density in the cIearcut for 23 

November - ] December 1995 



For a clay soil with a = 0.29 over depth 0 - 0.1 m, Fs ranged between 0.5 and 2.0 /lmol m-2 
S-I when 

Ts at a depth of 5 mm was"" 5 and 20°C, respectively (Dugas 1993). At various North American 

FIFE prairie grassland sites (soil not described), Fs measured by a LI-Cor chamber system, 

comparable to the one used in this study, varied from ca 1.0 to 14.5 /lmol m-2 
S-I (c = 0.069 0C-I , 

Fsmax= 11.0 /lmol m-2 
S-I and Tsmax = 25°C) including root respiration (Norman et al. 1992). 

23 

Table 2.2 - Modelled soil surface CO2 efflux density, Fs' and environmental data for the study period 

23 - 30 November 1995. as and Ts are soil volumetric water content (0 - 0.1 m depth) and 

temperature, respectively, u is horizontal wind speed at a height of 6 m. 

November avg. as avg.Ts avg.u avg. Fs daily CO2 

COC) (ms-I ) (/lmol m-2s-l ) (mol m-2 d-') 

23 0.12 16.0 1.9 0.82 0.070 

24 0.11 17.7 1.9 0.78 0.068 

25 0.17 16.6 1.1 0.73 0.063 

26 0.21 15.1 3.7 2.73 0.240 

27 0.22 12.8 2_0 1.36 0.112 

28 0.20 14.6 1.5 1.29 0.111 

29 0.19 15.9 1.7 1.31 0.113 

30 0.18 18.8 3.9 2.14 0.185 

Carbon budget evaluation 

The Fs model, driven by weather data from the nearby fire station, was used to estimate the annual 

loss of carbon from the clearcut in the year following logging (1 July 1995 - 30 June 1996, Figure 

2.9). We recognize the degree of uncertainty involved in these annual calculations as the model was 

validated from only short-term measurements. However, with the exception of low temperatures, we 

encountered most of the climatic conditions usually observed during the notional growing season 

during the eight days of measurement. Low temperatures are generally experienced only during a 

brief winter period. The calculations excluded also carbon sequestration by the regrowth of 

herbaceous vegetation. 
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Rainfall was well below average in 1995/96 with only 547 mm measured at the Balmoral Forest fire 

station (increased by 60% in the model to account for the strong rainfall gradient towards the study 

site). The summer months were especially dry with only 1.8 mm rain in December 1995. Weekly 

average Fs' under the well-watered conditions of winter, spring (July - October 1995) and late autumn 

(May - June 1996), followed wind speed and soil temperature with a range from ca 0.7 to 2!lmol 

m-2 
S-I. During summer, Fs was strongly coupled to the soil water regime, and although air - and soil 

temperature and wind speed tended to be high during summer, maximum weekly average Fs reached 

only 1.4!lmol m-2 
S-I. Annual Fs was 30.6 mol (C02) m-2 (0.37 kg C m-2

, Figure 2.9), 13% of soil C in 

0.2 m depth (Table 2.1) 

Roughly similar values. of Fs were obtained from (PP Systems) chamber measurements made on two 

other occasions at Balmoral Forest. During July 1995, in a lO-year-old Pinus radiata stand located 2 

km from the clearcut, Fs was ca 1.0 !lmol m-2 
S-1 including root respiration but with less turbulence 

effect due to lower wind speed at forest floor level (A. Ameth 1995, unpublished data). Two sets of 

measurements were also taken in the clearcut on two calm days in September 1996 (ca. 15 months 

after logging). Averages of Fs were 1.4 and 1.7 !lmol m-2 
S-1 for Ts = 5 °C and 7°C, respectively, 

measured at a depth of 0.025 m (6 = 0.16,0 - 0.1 m depth). In March 1996, measurements of the 

above-ground biomass of regrowing herbaceous vegetation (mostly Verbascum sp.) were made in the 

clearcut. Five 1 m2 plots were harvested and the plant material was dried in an oven at 70°C for 24 

h. Aboveground biomass was 0.074 ± 0.039 kg m-2 that may be approximated as an annual carbon 

gain of ca 0.037 ± 0.018 kg m-2 or 10% of the estimated carbon loss. 

Summer rainfall at the fire station during 1994-95 was closer to the long-term annual average than 

during the experimental period of 1995-96, yet 30 min meteorological data were only available from 

mid-November 1994 onwards. To estimate annual Fs when rainfall was closer to normal than during 

the experimental period, an 'artificial' year was created by combining weather data from July

October 1995, November 1994 - May 1995 and June 1996. Rainfall for this year was 640 mm (an 

increase of 93 mm over the 'real' year; as mentioned above, to account for a rainfall gradient, 1.6-

times the fire station amount was used in the model for the clearcut site), but annual averages of air 

temperature and u were virtually similar in the two years: 9.8 and 10.1 °C and 2.5 and 2.4 m s-I, 

respectively. For this higher rainfall year, modelled weekly 6 for the upper 0.1 m of soil never 

approached the lower limit of 0.04, keeping modelled Fs > O. Maximum weekly Fs was 2.4 !lmol 

m-2 s-I, during the warm summer months (February). Annual Fs was 37.2 mol (C02) m-2 (0.44 kg C 

m-2
), an increase of 19% caused by the 113 mm increase in rainfall. Annual Fs was also calculated 

for the hypothetical case of 6 = 6max for the entire year, but unchanged temperature or wind speed, 

which resulted in a respiration of 1.01 kg C m-2
• An annual calculation for Fs unlimited by soil water 
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and with no wind speed effect enhancement (eg. solely Ts limited) totalled to 0.83 kg C m-2
• 

A critical evaluation of our estimated annual C flux in the context of other clear cut forest sites is 

limited, especially as many earlier studies are based on the now rejected alkali absorption technique. 

Annual chamber-measured Fs estimates for other pine forests in the year after clear-cutting ranged 

from 0.68 (Nakane et al.1986, P. densiflora, alkali absorption) to 2.27 kg C m-2 (Ewel et al. 1987a, P. 

elliotii, alkali absorption data, but corrected with coinciding data from a portable IRGA system). 

Neglecting possible differences due to. technique or substrate, the difference between these two 

values may also be attributable to significantly wanner temperatures at the site of Ewel et al. (29.7 ° N 

and 82.2° W, mean annual precipitation and air temperature were ca 1300 mm and 22°C, 

respectively, according to McMurtrie et al. 1994), compared with that of Nakane (34.4° Nand 

132.5° E, mean annual precipitation 1400 - 1500 mm and air temperature 15°C, respectively, 

according to Nakane (1994». Our study site was substantially cooler and dryer which corresponds 

with our relatively lower annual estimates of Fs. The high stone content also limits soil CO2 

production, making one third of the soil-volume 'indigestible'. By contrast, after clearcutting two 

broad-leaved forests, annual chamber-measured Fs was 0.30 (annual rainfall 822 mm) to 0.49 (annual 

rainfall 1500 mm, Tair = 14°C) kg C m-2 (Weber 1990, Edwards and Ross-Todd 1983, both alkali 

absorption; see also Raich and Schlesinger 1992). Our annual Fs estimates are thus at the lower end 

of the published range. This observation is possibly an understatement because the eddy covariance 

technique used in our study sometimes gave substantially higher Fs than chamber measurements with 

portable gas analysers which in tum yield much higher Fs than the alkali absorption chambers used in 

earlier studies (Ewel et al.1987a, Nay et al. 1994, Haynes and Gower 1995, Jensen at al. 1996). 
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Conclusions 

When the soil surface was wet, static pressure changes, proportional to wind speed and turbulence, 

significantly increased CO2 efflux density. This effect was only apparent from micro-meteorological 

measurements, and concurrent chamber measurements were thus sometimes suspect. The 

introduction of a wind speedlsurface-soil-wetness term into the model substantially improved 

predictions of soil CO2 efflux density over those when the model included only temperature and 

water content variables. We believe the significance of this turbulence-induced 'pumping' effect is 

strongly dependent on soil type, amount of surface litter accumulation (i.e. 'porosity' of the soil 

surface), and, underneath plant canopies, on the effectiveness of momentum absorption by the 

vegetation (ie. roughness elements). 

Our estimate for annual carbon loss (0.37 kg m-2
) following clearcutting of a dryland Pinus radiata 

forest is lower than for comparable studies which is partly due the soil's high 'indigestible' stone 

content. Soil surface CO2 efflux and microbial activity were limited additionally by low wind speed 

during the cool winter months (despite high soil water content) with a shift towards limitation by soil 

water deficit during the warm summer months (despite high wind speed). Thus, there was a 

proportionality between annual soil CO2 efflux and rainfall rates. 



CHAPTER 3: FLUXES OF CARBON AND WATER IN A PINUS RADIATA FOREST 

SUBJECT TO SOIL WATER DEFICIT! 

Abstract 
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We measured by eddy covariance seasonal CO2 (Feo2) and water (E) fluxes in a 8-year-old New 

Zealand (420 52' S, 1720 45' E) Pinus radiata D.Don plantation subject to growing season soil water 

deficit. During early spring, when volumetric soil water content (8) was highest (8max) and a moderate 

climate favoured tree photosynthesis, Feo2 was maximum on half-hourly and daily bases (27 !lmol 

m-2 S-I and 324 mmol m-2 d-I, respectively). Later in spring the lower atmosphere became warmer and 

drier, 8 declined and FC02 was slightly reduced (308 mmol m-2d-I): By contrast, 8 then was stilI 

adequate to sustain maxima ofE (207 mol m-2d- l
) and surface conductance Gs (810 mmol m-2s-I). In 

summer, when 8t8max < 0.4, FC02' Gs and E steadily dropped to minima (46.1 mmol m-2 d-I, 252 mmol 

m-2 S-I and 57 mol m-2 d-I, respectively). In winter, E was also low because of lack of atmospheric 

demand, yet at 8 = 8max, both Gs (701 mmol m-2 S-I) and Feo2 (115 mmol m-2 dOl) exceeded their dry 

summer-day values notably. 

Portraying the underlying biochemistry of photosynthesis, daytime half-hourly FC02 increased with 

quantum irradiance absorbed by the canopy (Qabs) following a non-saturating, rectangular hyperbola. 

Except for winter, this relation was variable, including hysteresis attributable to diurnal variations in 

air saturation deficit (D). Daily ecosystem FC02' quantum and water use efficiencies (FCO/Qabs and 

Feo/E, respectively) were inversely proportional to maximum daily D, in the cases of FC02 and 

Feo/Qabs only after soil moisture deficit became established. Thus as the tree growing season 

progressed, ecosystem carbon (C) sequestration was deleteriously linked to the co-occurrence of high 

D at low 8, which in tum related to an increasing allocation of available energy into sensible heat 

flux, and to an increasing daily Bowen ratio. 

lChapter 3 has been submitted as Arneth et al. to the Australian Journal of Plant Physiology 
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Introduction 

Employing micrometeorological methods for frequent and long-term measurements of forest carbon 

and water fluxes (Wofsy et al. 1993, Baldocchi et al. 1996) has markedly increased our knowledge of 

the magnitude and regulation of these fluxes. Regardless of spatial complexity, knowledge of leaf and 

whole plant physiology can be adapted to interpret whole system variability (e.g. Hollinger et al. 

1994, Amthor et al. 1994, Lloyd et al.1995b). Most long-term flux measurement sites in forests, 

however, can be classified as weII-watered (Grace et a1.1995b, Wofsy et al. 1993, Goulden et 

al.1996b, Baldocchi et al. 1996) and drought as a limiting factor of forest gas exchange has been 

widely neglected. Only recently data from dry boreal sites has become available (Hollinger et al. 

1995, Kelliher et al. 1997a,b, Baldocchi et aI.1997 a,b). We are aware of only one, short-term, 

micrometeorological flux study in a temperate coniferous forest subject to soil water deficit (Price 

and Black 1990, 1991), but there severe nitrogen deficiency was an additional influential constraint 

(Price 1987). Nitrogen deficiency is also widespread within the boreal forest zone (eg. Schulze et al. 

1994, 1995). 

We report in this paper on repeated eddy covariance measurements of carbon and water fluxes in a 

young New Zealand Pinus radiata plantation over two years. The species has been selectively bred to 

develop exceptionally high growth rates in the country's benign, maritime climate (Hollinger et al. 

1993), but on the other hand evaporation rates are similar to those of other temperate conifer forests 

(Kelliher et a1.1990, 1993). Most previous studies of P. radiata in New Zealand were in the main 

plantation estate, at locations with plentiful rainfall and deep soils with high water storage capacity. 

Recognizing a paucity of measurements in seasonally dry, but otherwise highly productive temperate 

coniferous forest plantations, we conducted our measurements at a summer-dry site with high soil 

moisture deficits but adequate nutrient supply. Thus we focus in the foIIowing on quantifying how 

the physical environment regulated the measured fluxes. 

Methods 

Site description 

Measurements were made at Balmoral Forest, a ca 20 km2 Pinus radiata D.Don plantation located 

100 km north-west of Christchurch, New Zealand (42° 52' S, 172° 45' E, 198 m asI). The chosen site 

was flat and distances to the forests' border were >lkm in all directions. Trees were planted in E-W 

rows, with between-tree distance = 2 m, and between-row distance = 4 m. There was virtually no 

understorey vegetation present. In November 1994 when flux measurements commenced, the 8-year-
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old trees were on average 8.5m tall and stem density was 1200 ha-I. One-sided canopy leaf area index 

(LA!) was 6.3, increasing to 7.2 in November 1995 (Ameth et al. 1998d). Although the site was 

thinned in December 1995 to a density of 860 ha-I, the tree canopy remained closed and LAI was 5.5. 

The site is located on a pre-glacial terrace next to the Hurunui river. The soil, known as Balmoral 

(very) stony sandy loam has a volumetric stone content of 31 ± 24% (standard deviation; n = 4) in the 

top 0.3 m, increasing with depth to > 57% (J Claydon, pers.comm., 1997). In excavated pits most of 

the fine roots were observed in the top 0.3 m of the soil and water storage capacity over this depth 

was '" 50 mm between suctions of 10 and 1500 kPa (T Webb, pers. comm., 1995). 

Mean annual precipitation is 658 mm and distributed evenly over the year (55 ± 5.4 mm month-I). 

Rainfall during the summer months (1 December - 31 March) totals 203 mm. The annual air 

temperature range at the site reflects the benign, maritime climate of New Zealand, averaging 4.5 °C 

in July, 16.4 °C in February, and 10.4 °C over the entire year. Nevertheless, air frosts can occur on 79 

days, with 61 frost days between May and August. However, daily minima are generally only few 

degrees below zero, and daytime temperatures are nearly always> 0 °C (all data from NZ Met. 

Service, 1983). 

Eddy covariance measurements 

Eddy covariance measurements of sensible (H) and latent heat (AE ) flux densities and CO2 exchange 

rates (Feddy) were made seasonally on seven occasions between November 1994 and March 1996. 

Each measurement period captured 6-9 days of data, except for January 1995 when extreme fire risk 

forced us to stop after only two days of data collection. 

The eddy covariance system was described previously by Hollinger et al.(1994, 1995) and Ameth at 

al. (l998a). Atop a 12 m tall and, from August 1995 onwards, 15 m tall tower, instrumentation 

comprised a 3-dimensional sonic anemometer (model SWS 211 with a 3KE probe, Applied 

Technologies, Inc., Boulder CO, USA), for measuring fluctuations in vertical wind speed (w') and 

temperature, and an open-path ultraviolet absorption hygrometer (model KH20, Campbell Scientific, 

Logan UT, USA) for measuring fluctuations of water vapour density (Pv'). There was also an air 

intake polypropylene tube (4 mm id) connected, via a suction pump (41 min-I), to a closed-path, 

nondispersive infrared gas analyser (model 225 Mk3, Analytical Development Company, Hoddeson, 

England) located on the ground inside a tent. The analyser was operated in differential mode, with 

ambient air sealed in the reference cell, to measure fluctuations in CO2 density (c'). Analyser gain 

was checked every 2 to 3 days using a bottle of CO2 in air that was calibrated with a 2-stage cascade 

of mixing pumps (model SA27/3F, Wosthoff, Bochum, Germany) which combined CO2-free air and 
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pure CO2• 

Power was supplied from a generator, located 250 m southeast of the tower. Thus when the wind 

emanated from southeast, CO2 flux data was not used for further analysis. All data were captured at 

10 Hz by computer, stored on removable hard disk cartridges (SyQuest Technology, Fremont, CA, 

USA) and processed in real-time using software developed by McMillen (1988; the time constant for 

the digital filter was 600 s) and Hollinger et al. (1994). Necessary flux corrections followed the 

established protocol: I.E was corrected for changes in Pv attributable to H (Webb et al. 1980). The 

hygrometer was calibrated as described by Kelliher et al. (1997) with the water vapour and oxygen 

absorption coefficients being 0.1190 and 0.0066, respectively (Tanner et al. 1993). Applied CO2 flux

corrections accounted for the following: changes in air density associated with variation in latent heat 

flux density following Webb et al. (1980); w' and c' sensor/air intake point separation; incomplete 

spectral response of the analyser; signal processing; high frequency filtering effect of the air sampling 

tube; and cross-sensitivity of the analyser to water vapour (Moore 1986, Leuning and Moncrieff 

1990, Leuning and Judd 1996). Most of the times each of these corrections were individually of 

order 8 - 15%. 

Eddy covariance data were scrutinized according to rainfall, excessive variances in temperature, H20 

and CO2 concentration, and wind speed and direction (Hollinger et al. 1995). We adapt the ecological 

flux sign convention here and report net CO2 fluxes into the forest (i.e. assimilation> respiration) as 

positive. This allows us to discuss ratios like quantum or water use efficiencies with the generally 

more meaningful positive sign. 

Associated variables 

Net-Radiation, Rn, was measured with a Middleton-type net radiometer (model CN, Carter-Scott 

Design, Fairfield, Victoria, Australia) located ca 3 m above the tree canopy. Soil heat flux (G) was 

measured within a 15m2 area next to the tower, using seven sets of Peltier plates (Weaver and 

Campbell 1985, Kelliher at al. 1992) buried to a depth of 50 mm, and accompanying thermocouples 

at depths of 10 and 30 mm. In the forest, sensible and latent heat storage in tree biomass and canopy 

air below the flux instrumentation (s) was accounted for following Thorn (1976) and Stewart (1988) 

and available energy (R.) was calculated as Ra = Rn - G - S 

The change in CO2 storage (Fs) was estimated from measurements of air drawn from 6 heights 

(100%, 80%, 60%, 40%, 20%, 1 % of canopy height) through equal-length polyethylene tubes to a 

second infrared gas analyser (either model 225 Mk3, Analytical Development Company, Hoddeson, 
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England; or model 6252 LI-Cor, Lincoln, NE, USA ). This analyser was also run in differential mode 

with air drawn from the top of the tower passed through the reference cell. Afterwards, reference cell 

CO2 concentration was determined from the measurements made with the eddy flux analyser. Air was 

sampled through the tubing with 1 1 min-1 into an automated solenoid valve switching system. From 

each height air passed through the analyser cell sequentially for one minute. Allowing for a thorough 

flushing of the tube and cell, analyser measurements were averaged over the 45-55s interval of each 

minute. Consequently each height was sampled five times per half hour with averages stored on a 

data-logger (model CR-35, Campbell Scientific, Logan, UT, USA). Fs was then calculated from the 

difference between consecutive integrated 30 min CO2 concentration profiles (Hollinger et al. 1994, 

Grace et al. 1995a). Ecosystem CO2 fluxes are reported in the following as Fco2 = Feddy + Fs. 

Ground evaporation was determined from the weight loss of six round lysimeters (150 mm diameter 

X 120 mm deep, Kelliher et al. 1992). The lysimeters were generally weighed hourly, but when the 

soil was dry the interval was increased up to several hours to ensure a measurable weight loss. Fresh 

cores for the lysimeters were obtained every other day. Ground respiration rates (soil microbial and 

root respiration) were measured with a portable CO2 analyser, equipped with a soil chamber (coupled 

SRC-l and EGM-l ofPP Systems, Hitchin, Herts, UK) (Arneth et al. 1998a). At 15 locations within 

and between rows of trees and in an area of ca 60 m2 east of the eddy covariance tower, plastic 

collars, fitting the outer diameter of the soil chamber, were installed 25 mm into the ground. The 15 

spot measurements were usually completed three times per day with each set taking about 40 min to 

complete. With eventual disturbance of the soil surface, the soil collars were relocated every 3-4 days. 

Total and reflected quantum irradiance (Q, 400-700 nm waveband) were measured above the trees 

using quantum sensors (model LI190SZ, U-Cor, Lincoln, NE, USA). Q transmitted through the 

canopy was also measured using six I-m-long solarimeters (Delta T Instruments, Cambridge, UK) 

installed ca. 0.6 m above ground level near the tower. The solarimeters have a flat response to 

radiation and they were calibrated in the open against the top tower quantum sensor. Underneath 

canopies they will somewhat overestimate Q because of the relatively larger transmittance of near

infrared radiation. For a Douglas Fir forest, extinction coefficients for shortwave radiation (SJ were 

generally 75% of extinction coefficients for Q (Black et al. 1991). For a boreal aspen forest the ratio 

of above: below canopy shortwave radiation was 0.33, compared to 0.26 for above: below canopy 

Q; again suggesting a 25% disparity. However, the ratio of extinction coefficients for St and Q was 

conservative throughout the year (Black et al. 1991). Solarimeters thus give good relative estimates of 

absorbed Q (Qabs) for seasonal comparisons. Moreover, the daily Qabs (see results) was only ca. 10% 

less than estimated for a triangUlar-shaped hedge row growing in east - west orientation at a lattidude 

of 45° (Jackson and Palmer 1972). 
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Two shielded and ventilated air humidity and temperature sensors were located at the top of the tower 

and just above the ground (model 2011 capacitative humidity sensor and thermistor, Skye 

Instruments, Powys, UK). An automated tipping bucket and a storage gauge measured rainfall in a 

canopy gap along a nearby forestry road. Soil temperatures were measured with thermocouples buried 

at depths of 10, 50, lOO, 200, 300, 400 and 500 mm. All data were recorded as 30 min averages using 

data loggers (model CR-lO, Campbell Scientific, Logan, UT, USA). Continuous half-hourly data of 

Q, humidity, air temperature, wind speed and wind direction, and rainfall were also captured for the 

two years of ~easonal flux measurements from the forest's fire station, approximately 5 km south-east 

of the study-site. 

Soil volumetric water content (8) was measured by two techniques. Firstly, soil samples were 

excavated daily at depths 0 - 0.05, 0.05 - O.lO, 0.1 - 0.2 and 0.2 - 0.3 m. The gravimetric data were 

converted to a volumetric basis using separate measurements of soil bulk density and stone content. 

From October 1995 onwards, 8 was also measured every other day over depth 0 - 0.3 m at twelve 

locations by time domain reflectometry (TDR; Model MP-917, Gabel Corporation. Victoria, BC, 

Canada). A detailed description of the measurement protocol was given by Ameth et al. (1998a). The 

integrated measurement depth included the vast majority of fine roots, and it was also shallow enough 

to reflect the occurrence of small rainfall events. 

Results 

Air temperatures (T) between 1994 and 1996 were close to average (1 ODC between 11/94 and 10/95, 

and 9.9DC between 11/95 and 10/96). However, both years had below-average rainfall, especially 

during the summer months. Rainfall between 11/95 and lO/96 was 532 mm with only 64 mm falling 

from 1 December to 31 March. In the previous year, a higher annual rainfall (696 mm) included 173 

mm rain during June (three-fold the long term June mean); summer rainfall was 152 mm. Volumetric 

soil water content (8) was at its maximum level (8max = 0.24; ::; lO kPa suction, i.e. field capacity) 

typically during winter / early spring conditions and declined to a minimum of 0.08 during dry 

summer (Ameth et al. 1998c, and Table 3.1). The summer climate was particularly characterised by 

air saturation deficit (D) commonly exceeding 2.5 kPa on fine days and with maximum values up to 

3.5 kPa (Table 3.1). On these hot and dry days, Twas> 33 DC. Maximum half-hourly Q varied 

typically between 900 /lmol m-2 
S-I in winter and 2000 /lmol m-2 

S-I in summer, ca. 75% of Q was 

absorbed by the canopy (Qabs' Figure 3.1A, Table 3.1). During the two years of measurements, daily 

atmospheric transmissivity, calculated from the difference between extraterrestrial radiation and 

measured Q (Ameth et al. 1998a), was up to 0.78. 



Table 3.1 - Seasonal water and CO2 fluxes and environmental variables during seven eddy covariance measurement campaigns between November 1994 and 

March 1996 in a dryland Pinus radiata plantation. Data are arranged from high to low soil water content over 0.3 m (8). Measurements in January 1995 had 

to be stopped after only 2 days and the data was combined with data from March 1995 when environmental conditions were alike. Values are averages ± s.d. 

for several consecutive days (n) with: T :::: daily average air temperature, Qabs :::: quantum irradiance absorbed by the canopy (expressed as a molar flux density 

and as % of Q above the forest), Dmax :::: maximum air saturation deficit, Osmax :::: maximum surface conductance for water vapour transfer, E :::: daily forest 

evaporation, Eg :::: daily evaporation from the ground, FC02 :::: 24h net-ecosystem CO2 exchange (positive values indicate net-uptake by the forest), F ma., :::: 

maximum daytime half-hourly ecosystem CO2 exchange, night Reco :::: average nighttime ecosystem respiration (roots, stems, branches, needles + soil 

microbial activity). 

8/8max avg. T Qabs Dmax Osm.x 

(%) (0C) (mol m-2d- I), % (kPa) (mmol m-2 S-I) 

7/95 96 ±2 3.5 ± 2_5 11 ± 3, 86 0.5 ± 0.2 701.4 ±298.0 

10/95 98 ± 1 10.9 ± 2.0 22 ± 5, 76 1.1 ± 0.4 810.2 ±165.4 

11/94 76 ± 5 12.1±3.5 42±7,76 1.2 ± 0.3 809.5 ± 140.1 

1+3/95 45 ± 3 16.1 ± 2.3 29 ± 7, 75 1.9 ± 0.7 553.1 ± 205.2 

1/96 36 ±2 16.4 ± 4.7 22 ± 9, 70 1.9 ± 0.9 251.8 ± 120.4 

3/96 32±4 12.1 ± 1.6 36 ± 11,79 1.5 ± 0.5 395.8 ± 89.1 

E Eg FC02 
(mol m-2 d-I) (mmol m-2d- l ) 

46.8 ± 23.3 5_6 ± 1.4 115.2±62.1 

93.7 ± 28.8 13.7 ±4.5 324.3 ± 93.8 

206.9 ± 61.7 50.3 ± 19.2 308.1 ± 88.2 

131.7 ± 52.6 31.2 ± 18.2 96.1 ± 78.3 

57.5 ± 16.9 22.2 ±4.7 46.1 ± 153.1 

56.5 ± 16.1 24.1 ± 9.7 137.2 ± 81.8 

Fmax night R.co 

(/lmol m-2s- l
) 

10.8 ± 3_1 -l.l ± 0.3 

27.4 ± 5.1 -2.7 ± 0.4 

18.4 ± 2.7 -3.9 ± 1.0 

10.9 ± 3.9 -3.8 ± 1.0 

15.1 ± 3.9 -2.5 ± 0.7 

12.9 ± 3.6 -1.9 ± 0.4 

n 

5 

9 

5 

9 

6 

9 

VJ 
~ 
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Figure 3.1- Average diurnal courses of quantum irradiance absorbed by the tree canopy (panel A), air saturation deficit (panel B), forest carbon dioxide 

exchange (Fc02, panel C) and surface conductance for water vapour transfer (Os, panel D) in a dryland Pinus radiata plantation in New Zealand. Data were 

measured in July 1995 (winter, closed triangles), October 1995 (early spting, closed circles) and March 1996 (summer, open circles), using the eddy 

covariance technique. Net CO2 flux into the forest is shown positive; Os was calculated from the Penman-Monteith equation. For soil water content, climatic 

data, and flux data from other seasons, see Table 1. 
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Forest environment and energy balance 

Agreement between the available energy (RJ and sums of latent (AE) and sensible heat (H) flux 

densities (all in W m-2
) was generally good. For 977 half-hour periods of daytime data 
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H + AE = 9.6 + 0.9 R. (r = 0.85). Partitioning of Ra into H and AE varied seasonally and average 

daytime Bowen ratio (~ = H I AE) increased from 1.1 in the well-watered, cool winter environment 

(July 1995) to 7.5 in summer when 8 = 0.36 8max (January 1996). The average of daily maximum ~ 

ranged from 1.8 in early spring (October 1995) to 20.5 on hot, dry summer afternoons when 8 was 

near its minimum. 

Forest evaporation 

While the soil was well watered, forest evaporation (E) responded to increasing Qabs' D and T with a 

five-fold increase between winter (47 mol m-2 d-1
, 0.8 mm d-I

) and spring (207 mol 

m-2 d-r, 3.7 mm d-1, Table 3.1, Figure 3.1). As the soil progressively dried during summer while 

atmospheric demand continued to increase, E declined to only slightly higher than winter values (57 

mmol m-2 d-r, 1.0 mm d-1 in March 1996). For most of the year, ground evaporation (Eg) contributed 

significantly to E, and E/E varied between 0.24 in late spring (November 1994) and 0.42 in dry 

summer weather (March 1996, Table 3.1). During winter to early spring, when little radiation reached 

the ground and T and D were loy.', E/E was 0.12 and 0.15 (July and October 1995). For abiotic 

regulation ofEg a simple model emerged whereby Eg increased linearly with RA (Figure 3.2) with the 

slope (m) of the relation decreasing proportionally to the value of 8. m ranged from a maximum of 

0.11 at 8/8max > 0.7 to 0.045 when the soil was driest (8/8max < 0.4). 

Soil water deficit influences the fraction of Ra utilized for evaporation (Denmead and Shaw 1962). At 

Balmoral Forest, normalised E (E/Ra' Figure 3.3) was independent of 8 until a soil water threshold 

(8c) of 0.45 8max was reached, below which E/Ra decreased with 8 because root water uptake could 

not satisfy atmospheric demand. The line in Figure 3.3 represents an upper boundary to the data, 

including a group of 5 data points when 8/8max was 0.4 - 0.45% and E/Ra "" 0.7. Daily energy balance 

closure on these days was between 0.9 and 1.1 and the tree canopy was dry so we had no reason to 

separate these data from our analysis. Day-to-day variation underneath the upper boundary in Figure 

3.3 reflects the influence of variables other than 8 and Ra on E, which can be considerable in rough 

forest canopies (McNaughton and Jarvis 1983). Data at relatively high 8 (8/8max >0.7) was obtained 

during cool, sometimes cold, and low sun angle conditions during winter through early spring 

whereas at high soil moisture deficit, D and T varied considerably. Plots of AE (ordinate) and Don 

hot summer days exhibited an increase of AE with D until D "" 1.9 kPa, but AE declined afterwards 

with further increasing D (Arneth et al.1998c). 
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Figure 3.2 - Dependence of ground evaporation (Eg) on available energy (R.) in a dryland P. radiata 

plantation in New Zealand. Eg was measured by regular weighing of 6 lysimeters, there was no 

understorey vegetation present. e = change of latent heat content of air with change of sensible heat 

content, m = slope of linear regression, 8 = volumetric soil water content, 8max = maximum e (0.24). 

Data are hourly values except for dry soil (8 < 0.4 8 max, open squares), when the weighing interVal 

was increased to several hours to obtain a measurable weight loss from the lysimeters. 

The 3 data sets are for: 8/8max ~ 0.7, m = 0.11, r = 0.4 (triangles); 0.5 > 8/8max > 0.4, m = 0.077, r = 
0.65 (circles); 8/8max :s: 0.4, m = 0.045, r = 0.4 (squares) 
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Figure 3.3 - Daily forest evaporation, measured by eddy covariance in a dryland P. radiata 

plantation in New Zealand, nonnalized by the available energy (E/R.). An upper boundary (fit by eye) 

indicates a critical threshold of soil water content (8, expressed as percentage of its maximum value) 

:::; 45% below which E/R. declined linearly with 8. 



Surface conductance for water vapour transfer (Gs' calculated from the Penman Monteith equation, 

ego Kelliher et al. 1993, 1995) is intended to subsume into a single parameter the effects on E of 

atmospheric demand, micrometeorological parameters and soil water supply. Maximum Gs (Gsmax ) 

was obtained during early morning hours in spring (810 mmol m-2 S-I) when soil water was plentiful 

and D, measured above the canopy, was low (Table 3.1, Figure 3.1D). Throughout the day, as D 

increased, Gs steadily declined to reach values near zero at sunset. In winter, Gsmax was only slightly 

lower (701 mmol m-2s- l
) but as the onset of stomatal opening occurred later during the short winter 

days, Gsmax was reached later in the day. During summer, when the soil was driest and D and T 

highest, maximum Gs was only 30% of spring values. 

Forest carbon exchange 
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Maximum half-hourly CO2 flux densities from the atmophere to the forest (F max) were measured in 

early spring (27/lmol m-2s- l
, Table 3.1, Figure 3.1 C) and coincided with the diurnal maximum value 

of Q.bs and D (Figure 3.1 A,B). Although Q.bs increased afterwards as the summer progressed, 8 

became depleted and D high. Maximum half-hourly FC02 then was only 11 - 15 /lmol m-2 S-I and only 

slightly higher than during winter when Qabs and T were only'" 33% and 22%, respectively, of 

summer values. Additionally, F max occured early in the morning hours, when D was low and despite 

comparatively insufficient values of Qabs' Later in the day, air and soil temperatures, and respiration, 

increased and net CO2 flux was directed from the forest to the atmosphere (negative values). 

Daily FC02 during well-watered periods varied on average by a factor of three but ranged between 20 

mol m-2 d-I measured in winter (17.7.1995) and 500 mol m-2 d-I during early spring (7.10.1995). 

Early- and late-spring FC02 were nearly identical (324 and 308 mmol m-2d-I). Although 8 began its 

seasonal decline in late spring, increasing day length seemed to compensate for the generally reduced 

half-hourly values of FC02' When 8/8max < 0.5 during summer, daily FC02 decreased to values well 

below 200 mmol m-2 d-I and on particular hot and dry days, the forest even became a source of CO2, 

By contrast, in winter when 8 '" 8max and despite low Q.bs and T, daily FC02 was similar to or 

exceeded the summer values. During the winter measurements there was no day with a net daily loss 

of carbon. 

Assuming measured nighttime average FC02 (night Reeo' Table 3.1) is applicable over the entire day 

allows an estimation of the contribution of ecosystem respiration to 24h FC02' Thus in winter and 

early spring ecosystem respiration, Reeo' was equivalent to "'75% of daily net FC02 (78 and 233 mmol 

m-2 d-I). There was more than a 50% increase in nighttime average FC02 calculated over 24h later in 

the summer (354 mmol m-2d-1 in January and March 1995) while daily FC02 declined by more than a 

factor of3. 
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Figure 3.4 - A: Average ground respiration (Rg) measured by a portable gas analyser with an attached 

soil chamber in a dryland P. radiata plantation in New Zealand. The values are averages and 

standard deviations from 15 measurements within an area of 60 m2; The 15 measurements were 

usually obtained during ca. 40-minute periods. Soil-temperature (T,) is calculated as an average from 

measurements at depths 0.01, 0.1, 0.2 and O.3m. The curve is Rg = 
RIO exp [308.56 (56.02.1 - (T, - 227.13) -I)] where RIO = respiration at lODe = -2.2 flmol m-2 S-I. 

B: Average and standard deviation of nighttime ecosystem e02 flux, measured by eddy covariance 

(ReeD)' Temperatures and curve are as in panel A with RIO = -2.7 flmol m-2s- l
• 

Data in panels A and B were measured during seven seasonal campaigns between November 1994 

and October 1995. 
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Both ground (root and microbial) respiration (Rg) and ReeD decreased exponentially with temperature 

(Figure 3.4 A, B). Nighttime eddy carbon flux measurements are notoriously difficult to interpret and 

inherently variable because the lower atmosphere is generally stable then and wind speeds (u) are 

commonly low. As reported from other study sites (Fan et al. 1995, Goulden et al. 1996a, Black et al. 

1996), there was a rough proportionality between nighttime FC02 and u or the friction velocity, u*. 

However, we also noted an increase of u and u* with T, so windy nights were comparatively warm at 

our site. We thus did not limit our analysis of nighttime eddy fluxes to values measured above a 

certain u or u* threshold. Nonetheless, associated with low u was generally a large variability in the 

wind direction. With some judgement involved, data was excluded when the mean wind direction 

was > 900 from the perpendicular or when the standard variation of the mean exceeded 300
• Gaps in 

the nighttime FC02 measurements were predicted from the Fco2 : temperature relationship (Figure 3.4). 

An average temperature in the main root zone (Ts, calculated from data measured at 0.01,0.1,0.2 and 

O.3m depths) was used as the independent variable for the Rg and ReeD relations. This temperature 

averages over the soil depth that largely accounted for the entire microbial and root respiration 

(Arneth et al. 1998a). We also used nighttime averages of ReeD to avoid the problem of the 

temperature of different parts of the ecosystem lagging one another in time (eg. top of the tree canopy 

versus base of roots, Hollinger et al. 1994). 

The temperature response of Rg and ReeD could be quantified (Lloyd and Taylor 1994) as R = 

RIO exp [308.56 (56.02.1 - (Ts - 227.13) "I)]. RIO (R at lO°C) was -2.7I1mol m"2s·1 and -2.2 11 mol m·2s"\ 

respectively, for ReeD and Rg, suggesting that aboveground respiration contributed only about 20% of 

ReeD. After thinning of the forest, both Rg and ReeD decreased nearly identically, with RIO = -1.8 and 

-2.2I1mol m·2s"l, respectively (January and March 1996). The relatively high proportion of below

ground respiration probably also explains the success in using Ts as independent variable for both 

data sets. At our site there was typically coincidence of well-watered soil with cool winter and spring 

conditions, and dry soil with warm conditions. Consequently the steady exponential increase of Rg 

over the entire observed range ofTs was surprising because soil water deficit limits microbial 

respiration. One possible explanation could be a compensating shift in the contributions of microbial 

and root respiration to Rg (Arneth et al. 1998d) 

Quantum irradiance provides the energy for photosynthesis, which is generally the dominating flux in 

daytime forest CO2 ~xchange. Accordingly, diurnal Fco2 reportedly follows a Michaelis-Menten

based curvilinear relation as FC02 = Fmax Qabs / (Qso +Qabs) - ReeD (eg .. Hollinger et al. 1994, Valentini 

et al. 1996), with Fmax = maximum CO2 exchange under saturating light conditions, Qso= absorbed 

quantum irradiance, when FC02 = Y2 Fmax and ReeD = average ecosystem respiration rate (Figure 3.5). 
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Figure 3.5 - Seasonal changes in the relation between ecosystem carbon flux (Fco:J and quantum 

irradiance absorbed by the canopy in a dryland P. radiata plantation in New Zealand. Positive signs 

indicate a net CO2 flux into the ecosystem. Data are distinguished according to the air saturation 

deficit (D). For soil water contents during each period, see Table 3.1. The lines are least-squares fits 

following FC02 = Fmax Qabs / (Q50 + Qabs ) - ~o, where F max = maximum FC02 under light saturating 

conditions, Qabs = quantum irradiance absorbed by the canopy, Q50 = Q.bs when FC02 = Y2 F max and 

~o = average ecosystem respiration. Parameter and r values are summarized in Table 2. 
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We also calculated FC02 at Qabs = 1200 Jlmol m-2s-1 (FI200, Table 3.2) as an indicative value of FC02 for 

seasonal comparisons_ By using Qabs as independent variable, rather than incident quantum 

irradiance, we eliminate the influence of changing leaf area index, so allowing for comparison of our 

seasonal measurements made over two years_ Data for 0_5 ~8/8max > 004 (January, March 1995, 

Figure 3.5 D) and 8/8max < 004 (January, March 1996, Figure 3_5E) were found to follow similar 

light responses and were grouped_ 

Table 3.2 - Parameters describing the relation of half-hourly ecosystem net CO2 exchange (FC02) in a 

dryland Pinus radiata plantation, with quantum irradiance absorbed by the canopy (Qabs)' 

Data were collected during seven measurement campaigns and are grouped according to soil water 

content (8). A simple Michaelis-Menten-kinetics model was utilized as FC02 = 
F max Qabs I (Q50 +Qabs) - ~o' where F max is maximum FC02' Q50 is absorbed photon irradiance when 

FC02 = Y2 F max' R.co is average ecosystem respiration rate; F1200 = FC02 when Qabs = 1200 Jlmol m-2s- l
. 

For climatic data during the measurement period see Table 3.1. 

Soil water content Measurement Fmax Q50 ~o F1200 
period ------------Jlmol m-2s-I ____________ 

8/8max > 0.7 7/95 15.9 347 0.9 11.4 0.88 

10/95 30.5 403 3.1 19.7 0.78 

11194 25.3 609 3.9 12.9 0.85 

0.5 ~ 8/8max > 0.4 1+3/95 15.3 282 3.8 11.3 0.73 

8/8max < 0.4 1+3/96, D<1.1kPa 12.5 137 2.1 11.2 0.65 

With the exception of hot, dry summer conditions, when 8/8max < 0.5 and Dmax > 1.5 kPa (Table 3.1), 

FC02 for all seasons conformed to the postulated curvilinear model (Figure 3.5). When soil water was 

plentiful and D low, the light-response was non-saturating, Q50 was relatively large and fitted Fmax > 

measured Fmax (Tables 3.1 and 3.2). 

The ecosystem light compensation point (Qabs when FC02 intersects the x-axis) shifted with increasing 

air - and soil temperatures, and respiration, from winter (21 Jlmol m-2s-1 in July) to spring (111 Jlmol 

m-2 S-I in November). Summer values in 1995 were somewhat lower (93 Jlmol m-2s-1 in January / 

March 1995). During the summer after thinning, when Reco decreased considerably and the light 

response was saturating, the light compensation point was only 28 Jlmol m-2 S-I. Calculated F 1200 was 

by far the largest in early spring (19.7 Jlmol m-2 S-I, October). This was nearly twice the winter value 
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(July) which strictly must be considered hypothetical, as maximum Qabs at that time was only 800 

Jlmol m-2s- l
. F1200 in late spring (November) was 15% higher on average than winter/summer"minima. 

With the exception of January/March 1995, fitted Reco was within 15% of average measured 

nighttime CO2 exchange (Tables 3_1 and 3.2). 
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Figure 3.6 - Summer CO2 exchange (Fco2) of the Pinus radiata plantation with increasing air 

temperature, when soil water content 8 < 0.4 8 mu and air saturation deficit> I.IkPa. Positive signs 

indicate a net CO2 flux into the ecosystem. The linear regression shown is FC02 = -0.85 T + 18.8, 

r=O.lO. 

Apart from winter when D was low, we found hysteresis in the relations between FC02 and Qabs' The 

D-thresholds in Figure 3.5 are subjective and purely for descriptive purposes. Nonetheless and with 

the exception of winter, even in well watered soil, there was an obvious tendency for FC02 at a given 

Qabs to be higher at low D « 0.7 kPa). In summer, when soil water was nearly depleted, Fco2 did not 

meaningfully respond to variations in Qabs (Figure 3.5 D, E). However, when the summer data was 

restricted to periods when D < 1.1 - 1.3 kPa, the expected light response became apparent. When the 

soil was dry and D > 1.1 kPa, a scattered but significant linear relation indicated the transformation 

from a CO2 sink into a source with increasing temperatures (i.e. respiration> photosynthesis, Figure 

3.6). However for unknown reasons the proportionality between source strength and T did not occur 

at T > 22°C (data not shown) despite the exponential Reco-temperature relation (Figure 3.4). 
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Figure 3.7 - A: Daily forest-atmosphere CO2 flux (FC02) in a dryland P. radiata plantation in New 

Zealand versus quantum irradiance absorbed by the canopy (Qabs) for soil water contents 8/8max > 0.7 

(July, October, November). The line represents a least-squares fit similar to Fig. 5, with Fmax = 624 

mmol m-2d-1
, Q50 = 12 mol m-2 d-1 and ~o = 126 mmol m-2 d- I (r = 0.42). 

B: Daily FC02 in relation to daily maximum air saturation deficit (Dmax) when 8/8max < 0.5 (open 

circles for 0.5 < 8/8max < 0.4; closed circles for 8/8max < 0.4). A linear regression was FC02 = -124.7 D 

+ 310.8, r = 0.64. 

C: Daily forest quantum yield related to Dmax when 8 < 0.5 8m ... Symbols are as in panel B. The line 

is a linear regression (all data) with Fco21 Qabs = -5.6 D + 13.6, r = 0.64. 

D: Daily forest water use efficiency related to Dmax. Symbols are as in panels A - C. The line is a 

linear regression with FC021 E = -2.3D + 5.4, r = 0.59. 
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Examining forest CO2 exchange on a daily basis still led under well-watered conditions to a 

curvilinear though non-saturating increase of FC02 and Q.bs (Figure 3.7 A, r = 0.42). Tree assimilation 

exceeded Reeo on days when Q'bS was> 3 mol m-2 dol ; Qso for the daily FC02 - Q.bs response was 12 

mol m-2 dol. Alternatively, under well watered conditions, a linear regression of daily FC02 and daily 

average T accounted for nearly half of the variation (FC02 = 20.3 T + 72, r = 0.45, data not shown). 

When the soil became dry, an even stronger, inverse linear relation existed between daily FC02 or FC02 

/ Q.bs (quantum use efficiency, Figure 3.7 B,C) and Dmax (r = 0.64). FC02 / Q.bs varied from 15 (C02 

sink) to - 6 mmol mol-l (source), but the relation was not applicable to well-watered conditions 

because daily FC02 then increased slightly with increasing Dmax (r = 0.16, data not shown), reflecting 

the covarying D and T. Similarly, we found a pronounced influence of FC02 / E (ecosystem water use 

efficiency, WUE, Figure 3.7D). Recognising considerable day-to-day variability at low Dmax we did 

not find a statistically significant difference (p = 0.01) between the slope of the regression for data 

under well watered conditions (triangles), and the slope of the regression when the soil was dry and 

data was restricted to equal range ofDmax (i.e. <1.5 kPa, open and closed circles). Consequently, over 

the entire range of 8 WUE was dependent on Dmax to a similar extent. 

Discussion 

Forest evaporation 

Measured forest evaporation ranged from 24 to 270 mol m-2 dol (0.4 to 4.8 mm dol). The minimum 

occurred under we-ll-watered conditions, on a cool winter day with a temperature amplitude of 5°C 

following a nighttime minimum of 3°C. The maximum also occurred when 8 z 8max, but on a much 

warmer day in spring when T varied between 6 and 19°C. 

In a well-watered 6-year-old P. radiata plantation at Haupapa (LA! = 1.7), located about 600 km to 

the north of our study site, the maximum E was lower and its seasonal range was much narrower (44 -

139 mol m-2d-l, Whitehead et al. 1994). Using data from sap flow measurements, Teskey and Sheriff 

(1996) modelled a seasonal range of canopy transpiration between 78 and 378 mol m-2 d-I in a 16 

year-old, summer-dry P. radiata plantation located in South Australia. These differences are 

indicative of the range of physical environments where P. radiata is grown commercially throughout 

New Zealand and in South Australia. By contrast in a boreal Pinus sylvestris L. forest, Kelliher et al. 

(1998) found a decrease of daily evaporation from 2.3 mm dol to < 1 mm d-I in a week-long drying 

cycle during summer, when 8 of the sandy soil decreased from zO.4 8max to zO.1 8max. Globally, 

maximum E of P. radiata forest is comparable to that of other temperate coniferous forests (267 mol 

m-2d- l
, Kelliher et al. 1993). 
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The significant contribution of ground and understorey vegetation evaporation to total forest latent 

heat flux is well documented (Black and Kelliher 1989, Kelliher et al. 1992, Whitehead et al. 1994, 

Baldocchi et al. 1998). In the Haupapa P. radiata stand as well as in two Siberian conifer forests, 

ground and tree canopy E forest were nearly alike (Whitehead et al. 1994, Kelliher et al.1997, 1998). 

An earlier review of literature suggested the percentage contribution of Eg to E varied from 3 to 65% 

(Black and Kelliher 1989), thus Eg at Balmoral Forest is comparatively modest (12 - 25%) for most of 

the year. Presumably, the lack of understorey vegetation underneath the closed tree canopy 

contributed to the low gcound evaporation component. Also, during summer when radiation and 

temperature were highest the mulching effect of a dry soil surface reduced Eg below potential values 

(slopes of lines in Figure 3.4 varied by a factor of 2.4 depending on 6). A similar mulching effect on 

Eg was found in a drying central Siberian pine forest with a 30mm-thick lichen layer covering the 

sandy soil (slope of the regression Eg and Ra declined by a factor of 3 depending on 6, Kelliher 

1998). These results collectively expand an earlier conclusion about the determination of EgIE 

(Kelliher et al. 1990) to one whereby presence or absence of understorey vegetation appear to be less 

important in influencing Eg than the energy available, the near-ground turbulence regime and surface 

dryness. 

Maximum stomatal conductance reflects closely the leaf nitrogen content (e.g. Field et al. 1991). 

Also, for vegetated surfaces, Gsmax was proportional to leaf nitrogen ( Schulze et al. 1994, Kelliher et 

al. 1995). At Balmoral Forest spring half-hourly Gsmax was 810 mmol m02 sol, with daily peaks up to 

970 mmol m02 sol. The nitrogen content of current-year needles averaged 13 mg g.l, with a vertical 

range from 11 to 16 mg gol through the canopy. Gsmax and leaf nitrogen content were 920 mmol m02 sol 

and 14 mg g0l, respectively, at the Haupapa P. radiata site, determined from March 1990 eddy flux 

measurements over well-watered soil (Schulze et al. 1994, Kelliher et al. 1995). For coniferous 

forests as a vegetation type, Gsmax was 890 mmol m02 sol according to a review of 11 field studies, 

including the Haupapa site (Kelliher et al. 1995). 

The critical 6 (6e), at which the onset of a soil water deficit limits evaporation is typically not static 

but decreases with increasing atmospheric demand (Dunin et al. 1985, Sadras and Milroy 1996). 

Nevertheless, ca. 55% of 6 can be utilised (Figure 3.3), before root water uptake lags behind 

atmospheric evaporative demand and 6 limits E (Ritchie 1981, Dunin et al. 1985). At a specific site, 

6e depends also on the soil's unsaturated hydraulic conductivity and consequently, determination of 

6e can have implications for modelling forest conductance, E and FC02 (Sadras and Milroy 1996, 

Dewar 1997, Arneth et al. 1998c). For coniferous forests, inhabiting coarse-textured soils, evidence is 

emerging to suggest a relatively conservative 6e '" 0.5 emax (Kelliher et al. 1993, 1998). 
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Ecosystem carbon exchange 

FC02 fluxes measured during early spring at Balmoral forest frequently exceeded 30 Ilmol 

m-2s-1
, reflecting the well documented high photosynthetic capacity of Pinus radiata needles (eg. 

Benecke et al.1980, Grace et al1987, Sheriff 1995). Maximum FC02 measured in other temperate 

coniferous forest systems are generally lower: In young stands of Picea sitchensis (Bong) Carr in 

Scotland, Fco2 measured by a gradient system, and an eddy covariance system were 30 and 25 Ilmol 

m-2 S-l, respectively (Jarvis 1994, 1995). Uptake in Pinus taeda, Picea abies and Pinus sylvestris 

stands ranged from 14 - 30 Ilmol m-2 S-l (Jarvis et al. 1976). Measurements were also conducted in 

two Pseudotsuga menziesii Mirb. (Franco) stands in Holland and in Canada. In Holland, during well

watered conditions in spring, maximum Fco2 was z 23 Ilmol m-2 
S-l (Vermetten et al. 1994). 

However, at the Canadian site, maximum Fco2 was only 91lmol m-2s-1 (Price and Black 1991). The 

site had a comparatively low leaf area index (3.5), but the low fluxes probably reflect a limitation of 

nitrogen (Price 1987, Schulze et al. 1994). 

Data on the influence of drought on whole forest ecosystem gas exchange is sparse and mostly 

limited to short term studies. During summer in the Canadian Douglas-fir forest, daily Fco2 ranged 

from a maximum of 230 (net sink) down to -340 (net source) mmol m-2 d- 1 while 8 declined from 

maximum to 0.4 8max in a very stony sandy soil (Price and Black 1990, 1991). In boreal eastern 

Siberia, during a week of increasingly hot, dry summer weather after 20 mm rainfall when 8 (0 -

0.1 m depth) declined from 0.17 to 0.11 in the silt loam soil, maximum half-hourly Fco2 of a Larix 

gmelinii forest halved from 10 to 5 Ilmol m-2 S-l and daily Fco2 varied from 158 (sink) to -33 (source) 

mmol m-2 d-1 (Hollinger et al. 1998). The decrease of Fco2 on hot and dry days was caused by a 

combination of increased respiration and reduced stomatal conductance and photosynthesis. 

However, the eastern Siberian forest was also a carbon source on heavily overcast, rainy days. By 

contrast, in a northern Canadian Pinus banksiana Lamb. forest, there was no discernible seasonal 

trend in daily Fco2 from spring until autumn (115 days of continuous eddy flux measurements, 

Baldocchi et al. 1997) although e (0 - 0.15 m depth) declined seasonally from 0.13 down to 0.04 in 

the sandy soil (Baldocchi et al. 1998). Day to day variation in Fco2 was nevertheless large in the P. 

banksiana forest with a range from 330 to -170 mmol m-2 d- 1 (Baldocchi et al. 1997). In trying to 

tease out the effects of individual environmental variables, such as e, on FC02 from seasonal 

measurements in variable climatic environment, it is difficult to completely sort out co-varying and 

possibly compensating seasonal trends in irradiance (increasing from spring through summer and 

tending to increase photosynthesis), temperature (increasing and thus increasing respiration), 

humidity and e (both decreasing and tending to negatively affect photosynthesis; Arneth et al. 

1998c). By contrast to the P. banksiana data, Greco and Baldocchi (1996) using the same 

instrumentation in a temperate-zone broad-leaved forest found Fco2 shifted to earlier parts of the day 
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and was reduced by 50% when e (0 - 0.15 m depth) declined during a summer drought from 0.35 to 

0.18 in a clay soil. Similarly, a strong impact of drought was recently demonstrated for FC02 in a 

temperate, hardwood forest in the USA (Baldocchi 1997b). 

Diurnal variation in FC02 in well-watered forests has been successfully related to changes in irradiance 

(eg. Wofsy et al. 1993, Hollinger et al. 1994, Valentini et al. 1996, for review see Ruimy et al. 1995) 

reflecting the dominance of plant photosynthesis on FC02. Scatter in those relationships is typical for 

eddy covariance data, and may be attributable to varying footprint size and turbulence regime, or 

small-scale heterogeneity of the measurement area (Moncrieff et al. 1996, Valentini et al. 1996). 

However, some of the scatter was systematically related to variation in abiotic conditions; namely D 

(e.g. Jarvis 1994), or the diffuse component of radiation (Hollinger et al. 1994, Goulden et al. 1998) 

under cloudy or hazy conditions. Although total irradiance decreases, diffuse irradiance transmits 

more readily through the canopy thus better illuminating the lower parts of the canopy and as a 

consequence fostering canopy photosynthesis. However, D and T are also often lower on cloudy 

days, thus additionally enhancing net photosynthesis via increased stomatal conductance and reduced 

respiration. Consequently, by using D as an additional variable to quantify the response of our forest 

to Qabs (Figure 3.5), we implicitly include the added effect of light quality. 

The scatter in the FC02-Qabs relations made it difficult to discern a distinct seasonal trend in the overall 

response beyond the described increase in the light-compensation point, which reflected the enhanced 

contribution of respiration to FC02. Variability in Qso was not systematically related to the abiotic 

environment. For example, it is not completely clear if there was a significant reduction in F1200 from 

early (October) to late (November) spring when the soil was well watered, that could not be 

accounted for by an increase in respiration. 

Simple linear relations between daily ecosystem carbon exchange and irradiance are attractive, as 

they can provide a simple link to global-scale modelling of gross primary productivity (Wofsy et al. 

1993, Ruimy et al. 1996). Time-integration of FC02 (e.g. daily sums) using a limited data set from 

crops was found to linearize the FC02 - Q relationship, compared with the half-hourly data sets 

(Ruimy et al. 1995, 1996). This was also the case in the P. banksiana forest, although the linear 

relation was weak (Baldocchi et al. 1997). At Balmoral Forest, the relation between daily FC02 and 

Qabs was statistically weak and curvilinear, and it was restricted to well-watered conditions (Figure 

3.7A). A curvilinear, non-saturating relation between daily FC02 and Q was also found under well

watered conditions in a temperate deciduous forest (Greco and Baldocchi 1996). Daily FC02 was not 

related to Qabs for e < ec, but decreased linearly with daily maximum D such that highest daily 

quantum yields (Figure 3.7 B ,C) were achieved at Dmax < 1. For P. radiata, stomatal conductance is 
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strongly related to D (e.g. Whitehead et al. 1994) and is an important determinant of Fco2 during the 

dry summer months (Arneth et al. 1998c). Additionally, high D generally develops at high T, and the 

tight linear decline of Fco2 with DmOl< might also reflect conditions warmer than the temperature 

optimum of photosynthesis (ca. 20°C for P. radiata, Walcroft et al. 1997). Nevertheless, daily 

measured maxima of forest ecosystem quantum yield ('" 0.015 mol mol-I, Figure 3.7C) are similar to 

a value derived from a limited data set over wheat (0.02, for reference see Ruimy et al. 1995). By 

comparison, in a broadleaved Nothofagus forest ca. 100 km north of Balmoral Forest, ecosystem 

quantum yield ranged from -0.005 mol mol-I (winter) to 0.0054 mol mot l (summer, Hollinger et al. 

1994). 

Plant water use efficiency can be understood as a function of D and c/c. (substomataI and ambient 

CO2 partial pressure, respectively; Baldocchi et al. 1987, Lloyd and Farquhar 1994, Zhang and Nobel 

1996). Appropriate functions that account for these variables can reproduce the curvilinear decline of 

diurnal WUE with D (e.g. Zhang and Nobel 1996). At Balmoral Forest, daily forest WUE varied 

linearly with DmOl< between 6.4 and -2.4 mmol (C02) mol (H20) -1. The limitation of WUE by DmOl< 

over the entire range of 8 suggests that at leaf scale c/c. is independent of plant water supply (Dewar 

1997). Consequently, the decrease of average WUE from 3.4 mmol mol- I in spring (October, Table 

3.1) to "'0.7 in summer (January, March 1995, January 1996) was attributable to increasing D rather 

than for decreasing 8. 
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Conclusions 

The ecosystem CO2 (FC02) and water (E) exchange in a dryland Pinus radiata plantation showed a 

pronounced seasonality. Highest rates were achieved in spring, when soil water (8) was plentiful and 

temperature, air saturation deficit and quantum irradiance were favourable for tree photosynthesis and 

transpiration. During summer, an interaction of nearly completely depleted plant available soil water 

with high D and T reduced FC02' E and surface conductance significantly, and the ecosystem became 

a carbon source on particularly hot and dry days. Exchange rates during winter when soil water was 

replenished were similar to or higher than measured during summer, with no daily net carbon loss 

measured. Thus, in an environment that is both summer dry but with only moderate winter frost, 

carbon uptake during winter can be potentially more important for the annual carbon gain than 

carbon uptake during the middle of the notional growing period. 

On half-hourly and daily time scales, quantum irradiance absorbed by the canopy (Qabs) and air 

saturation deficit (expressed as daily maximum, Dmax) were the most limiting variables for F C02. 

Consequently, an essential role of the progressively drying soil was to shift FC02 from being 

predominantly Qabs-regulated to being predominantly Dmax-regulated. Nonetheless, it is clear that 

these environmental parameters will always be interconnected: for example, while the soil dries, 

available energy is increasingly allocated into sensible heat flux, and thus high values of D will occur 

only at lowe. 



CHAPTER 4: ASSESSMENT OF ANNUAL CARBON EXCHANGE IN A WATER

STRESSED PINUS RADIATA PLANTATION: AN ANALYSIS BASED ON EDDY 

COVARIANCE MEASUREMENTS AND AN INTEGRATED BIOPHYSICAL MODEL 

Abstract 
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We used a combination of eddy flux, chamber and environmental measurements with an integrated 

suite of models to analyse the seasonality of net ecosystem carbon uptake (FC02) in an 8-year-old, 

closed canopy Pinus radiata D.Don plantation in New Zealand (420 52' S, 1720 45' E). The analyses 

utilised a biochemically-based, big-leaf model of tree canopy photosynthesis (Ac), coupled to 

multiplicative environmental-constraint functions of canopy stomatal conductance (Gc) via 

environmental measurements, a temperature-dependent model of ecosystem respiration (Reco), and 

soil water balance. Available root zone water storage capacity at the measurement site is limited to 

about 50 mm for the very stony soil and annual precipitation is only 660 mm, distributed evenly 

throughout the year. Accordingly the site is prone to soil moisture deficit throughout the summer 

months. 

Gc and Ac obtained maximum rates early in the growing season when plentiful soil water supply was 

associated with sufficient quantum irradiance (Qabs)' and moderate air saturation deficit (D) and 

temperature (T). From late spring onwards, soil water deficit and D confined G c and Ac congruously, 

which together with the solely temperature dependency of Reco resulted in the pronounced seasonality 

in FC02' Reflecting a light-limitation of Ac in the closed canopy, modelled annual C-uptake was most 

sensitive to changes in Qabs' However, generally Qabs did not vary significantly between years, and 

changes in annual FC02 were mostly due to variability in summer rainfall and D. Annual carbon (C) 

uptake of the forest was 717 g C m·2 in a near-average rainfall year, exceeding by one third the net 

uptake in a year with 20% less than average rainfall (515 g C m-2
). 

lChapter 4 will be submitted as Arneth et al. to Global Change Biology 
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Introduction 

The manifold interactions of carbon assimilation and drought have been studied extensively on 

cellular, leaf and plant level. Air and soil water deficit reduces stomatal conductance via a local water 

stress in the leaf mesophyll cells (Schulze 1994) and / or via root signalling (e.g. Davis and Zhang 

1991, Schulze 1994). Although severe drought might also reduce the carboxylation capacity, these 

stomatal effects frequently seem to outweigh associated changes in the photosynthetic apparatus 

(Farquhar and Sharkey 1982, Chaves 1991, Jones and Corlett 1992, Pallardy et al. 1995). Medium- to 

long-tenn reponses of plants to water stress eventually result in adaptations of leaf area and leaf area -

weight ratios, or the species composition of an ecosystem. 

In ecosystems, net carbon exchange comprises assimilation was well as heterotrophic and autotrophic 

respiration. Plant respiratory processes are thought to be far less sensitive to water stress than 

assimilation (Pallardy et al. 1995). By contrast, soil heterotrophic respiration is strongly controlled by 

soil moisture (Orchard and Cook 1983, Howard and Howard 1993). Moreover, both microbial and 

plant respiration rates exponentially increase with temperature (Lloyd and Taylor 1994). Because in a 

natural environment 'dry' periods frequently co-occur with 'warm' periods, respiration may then 

increasingly dominate NET carbon exchange rates of entire ecosystems. 

Eddy covariance data collected for extensive time periods and under various environmental 

constraints has been utilized to develop and / or test models of forest C-balances (Hollinger et al. 

1994, Amthor et al. 1994, Lloyd et al. 1995b, Aber et al. 1996). Nevertheless, whole forest carbon 

and water exchange measurements under the influence of soil water deficit are scarce, and mostly 

limited to short periods of data collection (Price and Black 1990, 1991, Hollinger et al. 1998, 

Baldocchi 1997b). Nonetheless, we believe that our growing ability to model carbon and water 

exchange from environmental data (Linder et al. 1996, Sellers et al. 1997) needs be extended to these 

conditions to further our understanding of regional and global carbon and water cycles. However, this 

will not be easy as illustrated recently by Baldocchi (1997) 

In what follows we analyse results from seven seasonal eddy flux measurement campaigns of carbon 

and water exchange conducted over a two year period in a summer-dry Pinus radiata D.Don 

plantation in New Zealand. The seasonality in measured fluxes, light response and water use 

efficiencies were reported in Ameth et al. (I 998b ). Here, we utilize the data to separately assess the 

processes limiting canopy assimilation and ecosystem respiration. Based on our current 

understanding of flux-control mechanisms we develop a suite of models to estimate daily net carbon 

uptake of the dryland pine forest throughout the year under various environmental constraints. 
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Measurements 

Site description 

Eddy covariance measurements of forest carbon (FC02) and water (E) fluxes wc;!re conducted between 

November 1994 and March 1996 at Balmoral Forest, a ca 20 km2 Pinus radiata D.Don plantation 

located 100 km north-west of Christchurch, New Zealand (42° 52' S, 172° 45' E, 198 m asl). Trees 

were planted in east-west facing rows, with 2 m distance between trees and 4 m distance between 

rows. There was virtually no understorey vegetation present. The site was flat and distance to the 

forests' border was> 1 krn in all directions. When the flux measurements commenced, trees in the 8-

year-old stand were 8 m tall, and had a leaf area index of 6.3 (LA!, one-sided area, Arneth et al. 

1998d). Until November 1995, LA! had increased to 7.2 and the stand then was thinned by 28%, but 

the canopy remained closed (LA! = 5.5). 

Annual precipitation in the area is comparatively low (658 mm) and distributed evenly throughout the 

year (55 ± 5.4 mm month-), NZ Met. Service 1983). Additionally, water storage capacity in the very 

stony soil (31 % by volume) is limited to ca. 50 mm in the main rooting zone (0.3 m soil depth, 

Arneth et al. 1998b). Observations in four, 1 m deep holes indicated an increase in volumetric stone 

content to > 55% below 0.3 m depth, and only patchy occurrence of roots deeper than 0.5 m (Dr 

Trevor Webb, pers.comm. 1996). Generally, measured volumetric soil water content (8) was near its 

maximum (8max, 0.24) during most of the autumn, winter and spring. Measured 8 declined to 45% 

(January, March 1995) and 33% (January, March 1996) of 8max during dry summer data collection 

periods (Arneth et al. 1998b). Hence, between late spring and early autumn the trees are commonly 

subject to severe soil moisture deficit. Annual average temperature at the site is 10.8°C, with 79 days 

of frost per year, but frost is usually restricted to night and early morning hours (NZ Met. Service 

1983). During the coldest month (July) the average daily minimum temperature is -1.1 °C while the 

monthly average is 4.5 °C. By contrast, during the warmest month (February) daily temperature 

averages 16°C with a maximum of 23 °C. 

Flux measurements and associated parameters 

The eddy covariance system was mounted atop of a 12-m-tall triangular steel tower on a boom, that 

could be rotated into the wind from ground level. Because of tree height growth the tower was 

extended to 15 m in August 1995. We measured forest sensible (H) and latent heat fluxes (AE) and 

Fc02 during seven campaigns between November 1994 and March 1996. Determination of within 

canopy CO2 storage flux density, associated with computations of FC02 (Hollinger et al. 1994, Grace 

et al. 1995a), utilised half-hourly measurements of CO2 concentration in the canopy air at 6 different 

heights. Fluxes were scrutinised by separate measurements of net radiation (model CN, Carter-Scott 
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Design, Fairfield, Victoria, Australia) and soil heat flux (using calibrated heat-flux plates described 

by Kelliher et al. 1992), using the energy balance theory. The instrumentation, flux calculations and 

corrections applied have previously been reported in Hollinger et al. (1994) and Arneth et al. 

(1998a,b). Each set of measurements comprised about 6 - 8 continuous days, except for January 1995 

when measurements ceased after only 2 days due to the extreme fire risk. All in all, 42 complete days 

of flux data were chosen for further analysis. Separate measurements of ground evaporation were 

made using six small weighing lysimeters and ground CO2 flux was measured with a portable 

infrared gas analyser in combination with a soil chamber (PP systems, Hitchin, Herts, UK ) (Arneth 

et al. 1998b). 

In this paper, Fco2 will be designated positive when directed into the canopy (assimilation> 

respiration). This avoids confusion when discussing carbon uptake of the forest, because a positive 

FC02 represents a net gain of carbon by the system. 

Interpretation of the fluxes utilised measurements of quantum irradiance above the forest (Q, model 

LI190SZ, Li-Cor, Lincoln, NE, USA). The transmittance of radiation through the tree canopy was 

measured with six I-m-Iong solarimeters (Delta-T Devices, Cambridge, UK). The solarimeters were 

located ca. 0.6 m above the ground. Four were facing east-west and placed underneath the canopy 

perimeter of adjacent trees with two on the south and two on the north side of a tree row. The other 

two were located within the row space, facing north-south. The voltage signals of all radiation 

sensors were recorded as half-hourly averages using a data logger (model CRIO, Campbell Scientific, 

Inc., Logan, Utah USA). The solarimeters were calibrated regularly, outside our laboratory, by 

comparison with the quantum sensor. 

During the eddy flux campaigns, we also measured air humidity and temperature (T) above and 

below the tree canopy (model 2011 capacitative humidity sensor and thermistor, Skye Instruments, 

Powys, UK). A set of thermocouples measured soil temperatures at depths of 0.01, 0.05, 0.10, 0.20, 

0.30, 0.40 and 0.50 m. Rainfall was measured using a tipping-bucket gauge located in a clearing 

along a small road east of the tower. The voltage signals of all these sensors were recorded as half

hourly averages using a second data logger. Gravimetric soil water content was determined every 

other day for samples excavated from depths of 0 - 0.05,0.05 - 0.1,0.1 - 0.2 and 0.2 - 0.3 m. These 

data were converted to a volumetric basis using separate stone content and bulk density 

measurements. From October 1995 onwards, soil water content was also measured at twelve locations 

over depth 0 - 0.3 m by time domain reflectometry (TDR; Model MP-917, Gabel Corporation, 

Victoria, BC, Canada). Half-hourly data of air humidity, T, Q, rainfall and wind speed (u) were also 

available continuosly from November 1994 until July 1997 at the forest's fire station, ca. 5 km south-
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east of the study site. 

Model description 

Canopy photosynthesis: For modelling photosynthesis, Lloyd et al. (1995a,b) showed how a tree 

canopy can be successfully treated as a homogeneous entity or 'big leaf. The CO2 assimilation rate 

(Ae' /lmol m·2 
S·I, sUbscript 'c' denotes the tree canopy with Ae expressed on a ground-area basis) may 

be determined from the minimum of either electron-transport or Ribulose-l ,5-bisphospate 

carboxylase/oxygenase (Rubisco) limited rates (AJ and Av respectively; Farquhar, v. Caemmerer and 

Berry 1980) as: 

A = V ___ Cc_e_-_r_*) ___ R 
v emax CKe (l + p 0 2' K) + Ce) I 

and 

where 

Vemax = maximum catalytic activity of Rubisco (/lmol m·2 s·l) 

Ce= CO2 mol fraction in the chloroplast (/lmol mo!"l) 

r*= CO2 compensation point in the absence of photorespiration 

1<." Ko = Michaelis Menten constants for CO2 and O2, respectively (/lmol) 

R) = canopy leaf respiration (/lmol m·2 
S·I) 

J= electron transport rate (/lmol m·2 S·l). 

J is related to its maximum rate (lmax) by (Farquhar and Wong 1984, Leuning 1995): 

(4.1) 

(4.2) 

(4.3) 



where 

Qabs = quantum irradiance absorbed by the tree canopy (~mol m"2s"l) 

ex = quantum yield (~mol electrons ~mol Qabs"l) 
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e = curvature factor, determining the shape of light response curve (Le. for a rectangular hyperbola, 

e -. 0; for two straight lines, e =1) 

The Michaelis Menten constants, V emax' Jmax and r* are sensitive to temperature, and their calculation 

is detailed in Appendix I and Table AI. Appendix I also includes the calculated impact of nightfrost 

on photosynthesis, following King and Ball (1998). 

Canopy stomatal conductance for water vapour: The value of Ce is determined from the eqUilibrium 

between carboxylation rate (eq. (4.1), (4.2» and total conductance for CO2 from 'within-canopy' air 

(Ca) to the chloroplast (Gje): 

(4.4) 

Lloyd et al. (1995a,b) estimated Gje as a series sum of conductance; one for the stomata (Gec02) and a 

second internal conductance (Gj) from the substomatal cavities to the sites of carboxylation. We set 

Gj as 0.4 mol m"2 S"1 (Lloyd et a1.1995b). Using Ca measurements above the forest in eq. (4.4) 

assumes that the 'within-canopy' air is well mixed and the leaf boundary layer conductances for CO2 

transfer are very large. This assumption is usually valid for aerodynamically rough coniferous forests. 

A submodel was used to determine GeC02 from environmental variables and using the relation of GeC02 

to the stomatal conductance for water vapour transfer (Ge; GeC02 = Ge 11.6). In the submodel, Ge was 

empirically defined from a series of multiplicative constraint functions (f, varying between 0 and 1; 

Jarvis 1976) that may be written: 

(4.5) 

where Gemax is the maximum conductance, obtained in the absence of environmental constraints (f = 

1). The environmental variables are e, Qabs' and air saturation deficit (D). The shape of the single 

environmental constraint functions (see Results and Discussions) was determined from measured 

canopy water exchange, derived from the eddy flux and ground AE, and Ge was calulated using the 

Penman-Monteith equation (Kelliher et al. 1993, 1995). 

Model parameter determination: Half-hourly eddy covariance data were used to establish parameter 
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values (essentially Vcrnaxr' Jrnaxr; eq. (4.1), (4.2) and (A3» and parameters of the Gc sub-routine using a 

non-linear, least-squares fitting procedure (Sigma Plot, Jandel Corp). Equations (4.1) - (4.5) calculate 

canopy assimilation and conductance, consequently before the fitting procedure half-hourly ground 

evaporation and respiration needed be subtracted from the whole ecosystem (canopy + ground) flux 

data. In the absence of ground vegetation, Eg was proportional to the available energy (R., Kelliher et 

al. 1997, Arneth et al. 1998b) as 

(4.6) 

where e is the change of latent heat content of air with change of sensible heat content and the slope 

m decreasing with soil dryness (m = varying between 0.11 when e was near its maximum and 0.05 in 

dry soil, Arneth et al. 1998b). 

Ac and R) (eq. (4.1), (4.2» were derived following 3 steps: 

a) The ecosystem respiration rate (Reco) was postulated to be determined solely by temperature using 

an Arrhenius-type model that may be written (Lloyd and Taylor, 1994): 

308.56 <_1_ _ 1 ) 
R = R e 56.02 Ts - 227.13 

eco 10 

(4.7) 

where RIO is the respiration rate at 10 0c. The temperature in the main root zone (T" average of 

values at depths 0.01, 0.1, 0.2 and 0.3 m) was used as the independent variable. This was an 

integrated temperature over the depth that contributed the entire microbial respiration (Arneth et al. 

1998a) and, based on the observations in the soil pits, most of the root respiration. RIO was 

detennined from nighttime average eddy covariance data as -2.7 and -2.2 /lmol m-2 sol before and 

after thinning, respectively (Arneth et al. 1998b). The use of T, as independent variable in eq. (4.7) 

reflects the large contribution of ground respiration to Reco (see below). 

b) Diurnal ground (heterotrophic and roots, Rg) respiration was also modelled from eq. (4.7) using 

data from the portable soil respiration system. The RIO describing Rg was defined as -2.2 and -1.8 

/lmol m-2 sol before and after thinning, respectively (Arneth et al. 1998b). 

c) Based on the work by Ryan et al. (1996), 55% of aboveground respiration (Rag = Reco - Rg) was 

contributed by leaf respiration (R)darJ. R) was reduced with increasing quantum irradiance as (Brooks 

and Farquhar 1985, Lloyd et al. 1995a): 



RJ = [0.5 - 0.051n (Qabs) ] RJdark (4.8) 

'Measured' Ae was then derived from eq. (4.7) and (4.8) as Feo2 + Rg+ RJ + 0.45 Rag (respiration 

from stems and branches, respiration expressed absolute). 
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Before the fitting procedure, the entire canopy-flux data set of 42 days was split and from each set of 

seasonal measurements data from 2-3 (14 in all) days were set aside for later testing of the model. 

Specifically, parameter values of the canopy conductance model were determined first. The thus 

calculated half-hourly conductances were then used to fit Vemaxr and Jmaxr by combining equations 4.1-

4.4 and A1-A3, and using the analytical, quadratic solution to the combined set of equations as 

described by Lloyd et al. (l995a). 

Having established the necessary parameter values, annual calculations of forest carbon and water 

exchange were made using the weather data from the forest's fire station. Ae and Gc are governed, at 

least in part, by soil water content (eq. (4.5) which in tum depends on rainfall and total forest )"E. The 

associated soil water balance sub-routine, and also the Ts calculation (eq. (4.7» are described in 

Appendix II. 

Results and discussion 

Canopy conductance for water vapour transfer 

Gcmax andf({}): Ge obtained maximum values when the soil was well watered, which at Balmoral 

forest coincides generally with winter and spring (Arneth et al. 1998b). The high values of Ge during 

winter are also evident for the generally balmy, maritime climate at the site, experiencing winter 

daytime temperatures frequently> 10°C and nighttime minima only few degrees below zero. In the 

model, Gemax was set to 850 mmol m-2 s-J, equal to the average of the five highest measured daily 

values of Ge. To define f (e), daily maximum values of Ge were normalised by division by Gemax 

(Figure 4.1). When soil water storage became dissipated, Gemax responded first fairly insensitive until 

a e- threshold (ee) of ",0.5 emax was reached. 

Beyond ec' daily maximum Ge declined increasingly rapidly to minima three-fold below Gemax. A 

simple function defining the upper boundary of this relation and requiring definition of only one 

parameter (c = 0.065, Table 4.1) was 

(4.9) 
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Figure 4.1 -The relation between maximum daily tree canopy conductance for water vapour tr~sfer 

(Ge), normalised by the absolute maXimum Gc (Gemax = 850 mmol m·2 S·I), and volumetric soil water 

content in the main rooting zone (upper 0.3 m, 8), normalised by the maximum 8 (8max = 0.24 m3
). 

The conductances were calculated using the Penman - Monteith equation with seasonal eddy 

covariance measurements of forest evaporation made in a summer-dry Pinus radiata plantation, 

lysimeter measurements of ground evaporation and micrometeorological variables. The curve is an 

upper boundary of the data set by equation (4.9). 

f (8) approaches unity asymptotically to reflect. the relatively conservative nature of the Ge data for 8 

> 8e; we interpret this to mean that tree root water uptake was then in equilibrium with atmospheric 

evaporative demand. f (8) intercepts the x-axis somewhat below the lowest measured 8, to allow for 

some stomatal opening even when available soil water is nearly completely depleted. A similar 8 e 

was obtained from plotting daily whole forest E/R. versus 8 (Ameth et al. 1998b), suggesting that soil 

evaporation may also be included in the relation. E in coniferous, aerodynamic rough forests is well 

coupled to D (ie. Ge :::: E I D). However, D and R. are not completely independent. Driven by R., 

sensible heat flux warms the air which largely determines D during fine weather. Hence the empirical 

success in using either R. or D as denominator for investigating the influence of declining soil water 

storage on E. The value of 8e generally is site-specific, depending on soil hydraulic properties and on 

atmospheric demand (Dunin et al. 1985, Sadras and Milroy 1996). The emerging comparatively 

conservative value of 8e ;::: 0.5 for coniferous forests (Kelliher et al. 1997) thus most likely reflects 

two common habitat features; namely a relatively coarse-texured and/or stony soil and similar ranges 

of air temperature during the time of soil water deficit. 
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Table 4.1 - Parameter values used in the tree canopy water vapour conductance and carbon 

assimilation rate models. The parameters were determined by fitting equations (4.1) - (4.5) and (Al)

(A3) simultaneously, as described in the text, to a random selection of two-thirds of the data 

comprised of the eddy covariance forest and ground fluxes and the environmental variable 

measurements. All areas. are of the ground. 

parameter value method of 
determination 

Gemax 850 mmol m-2s-l
, maximum canopy conductance for average of five highest 

H2O measured Gc 

Do 2.4 kPa fit 

c 0.065, empirical parameter in f (8) fit 

Q50 285.4 Ilmol m-2s- l
, Qabs when Gc = ¥2 Gmax fit 

a 0.31 Ilmol electrons Ilmol Qabs 
-I fit 

e 0.0005, curvature parameter fit 

Gi 0.4 mol m-2s-l
, conductance for CO2 from sub-stomatal Lloyd et al. 1995b 

cavities to chloroplast 

JmaM 224 Ilmol m-2s-l
, maximum canopy carboxylation rate fit 

limited by electron transport (at T r = 20°C) 

f(Qabs): In the absence of other constraints, stomatal conductance increases hyperbolically with Q, a 

similar response can also be found for entire canopy or surface conductance. Under more general 

conditions, the response is hyperbolic only for the upper boundary values of the data with departure 

(i.e. data below the curve) indicating constraints by other variables (e.g. 8, D). Using Qabs as 

independent parameter (Figure 4.2 A-C), the upper boundary to G/Gcmax can be described by a 

Michaelis-Menten-type function (e.g. Kelliher et al. 1997, Ameth et al. 1996) as 

(4.10) 

where Q50 = Qabs when Ge = Y2 Gemax; Q50 was identical over the entire range of 8 (285 Jlmol m-2 
S-I, 

Table 4.1). f (Qabs) approaches unity asymptotically when Qabs » Q50' 

With progressive depletion of 8 (and accounting for the successive decline in daily maximum G 

according to (4.9», the Qabs - Gc relationship became increasingly scattered (Figure 4.2 B, C), and Ge 

was independent from Qabs except for early morning hours when D was low (f (D) close to 1, see 

below). The observed scatter in the data was partly attributable to variable D throughout the day, for 

example, at given Qabs and D > 1.3 kPa (closed circles), Gc was generally lower than at D < 1.3 kPa 

(open circles). 



1.0 ---r-------------('"l--_ 
A 00 

0.8 

0.6 

0.4 

0.2 

o 
o 0 
o 

o 0 

o 
o 

0.0 """\JI-L--~---.I...._.r"")__-....I.-------'-____i 
1.0 B o 
0.8 o o o 

u 0.6 o 

0.3 

0.1 

o 
o 
~ 

• 
o· •• 

o 0..0 
a 0 a..,<, • 

o CD fJoo 8~0 
_\..N'"'\.Y.:a.

cP Q) <0 8 : -. ~, ••••• 
~ ~~')-.; I •. 
~ () 0 O. 0 ~---.--::~___r~--r_______4"'___.__--~-l 

o 400 800 1200 1600 
absorbed quantum irradiance (IJrnol rn-

2
s-1

) 

61 

Figure 4.2 - Relations between tree canopy conductance for water vapour transfer (Ge), nonnalised 

by the absolute maximum Ge (Gemax), and quantum irradiance absorbed by the canopy (Qabs) for three 

ranges of volumetric soil water content (e), nonnalised by the maximum e (8 ma• = 0.24): 8 18ma• > 0.7 

(panel A), 0.5 > e lemu > 0.4 (panel B) and e 18max< 0.4 (panel C). Open symbols are for air 

saturation deficit (D) < 1.3 kPa and closed symbols for D > 1.3 kPa. The curves are upper -

boundaries of the data set by equation (4.10). 



1.0 -r---------;...---------,..-
A 

0.8 

0.6 

0.4 

0.2 

0.0 --r--_---1--_--l--_--L----L----L..----L-----r-

1.0 

0.8 

c:t 0.6 

0.4 

0.2 

o 
o B 

o 

o 0.0 --+-_--'-_--'-_--'-_--J._--=-L-...-_.l---l 

0.3 c 
o 

o~ 0.2 
o 

o 
oor;:pB 

0 0 -t) gogg 
o 0.0 -+-----r------,----,-----,--..---~-----l 

0.1 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
air saturation deficit (lcPa) 

62 

Figure 4.3 -Relations between tree canopy conductance for water vapour transfer (Ge), nonnalised by 
the absolute maximum Ge (Gemax), and air saturation deficit (D) for three ranges of volumetric soil 
water content (8), nonnalised by the maximum 8 (8max = 0.24): 8 18max > 0.7 (panel A), 0.5 > 8/8max 

> 0.4 (panel B) and 8 18max < 0.4 (panel C). Data was limited to quantum irradiance > 2 Qso (570 
~mol m-2s-J); this limit of Q was reduced proportional to the decline of Gemax with 8 in panels Band 
C. The lines follow equation 4.11. 
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feD): Having defined Gemax and accounted for the effects of a and Qabs, we sought to account for the 

remaining variation in Ge using D. For alamax > 0.7 and Qabs > 2 Qso, intended to be non-limiting 

values of a and Qabs, there was a very scattered relation between GjGemax and D (Figure 4.3A). A 

morning I afternoon hysteresis in the data was not apparent because the scatter was not reduced by 

separation according to morning and afternoon values (not shown). The data in Figure 4.3A were 

obtained in October, November and July when, because of cooler temperatures, variation in D was 

less than half the annual range of > 3 kPa. By definition in equation 4.5, the relation had an upper 

limit of GjGemax = 1 at D = O. Given the clearly decreasing Ge when the entire range of D was 

considered (data obtained under limiting a conditions, Figure 4.3 B, C), a line of negative slope was 

proposed to define the relation as 

f (D) = (1 - DIDo) (4.11) 

for D < 2 kPa, with Do = 2.4 kPa (Table 4.1). For D > ca 2 kPa, the conductances were greatly 

reduced and the variation was much less compared to lower values of D. There was no clear pattern 

of decreasing GjGemax with increasing D during these dry, warm conditions. Consequently, an 

average value f (D) = 0.06 GjGemax was chosen to represent the data for D > 2 kPa. We did not 

include an additional temperature-constraint (f (T» in the Ge model, as the remaining variability after 

accounting for a, Qabs and D was not systematically related to T (data not shown). 

Measurements, made in a P. radiata stand located two km from the study site under well-watered 

and similar (0 - 2 kPa) D conditions with Q > 500 ~mol m-2 
S-I, also led to scattered though definitely 

inverse relations between stomatal conductance (gs) and D, and between whole tree canopy 

conductance (gl' derived from sap flow measurements) and D (Whitehead et al. 1996). In other tree 

species, the gl versus D relation was equally poorly defined at low D (e.g. Larix gmelinii, Ameth et 

al. 1996; Pinus pinaster, Granier and Lousteau 1994). A similar pattern of inexplicable variation in 

total surface conductance with D was also found from eddy flux data for L. gmelinii (Kelliher et al. 

1997). To some extent the variation will be related to the stochastic nature of the eddy flux data. 

Furhter, single layer models do not account for variations in Q and D through the canopy. It is 

notably common for all these data sets that when the stomata shut at high values of D the variation in 

the conductance: D relation decreased. 

A straight linear decline of Ge with D implies either a 'feedforward' controlled, or a patchy response 

of stomata to increasing levels of D (Jones 1992, Monteith 1995). Correspondingly, on days that 

covered a wide range ofD, total forest E (including Eg) increased with D until D "" 1.9 kPa, but 

declined afterwards with further increasing D (Figure 4.4). Supportive data comes from the first 

micrometeorological feedforward control analysis based on energy balance: Bowen ratio E and D 
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measurements made above a Canadian Pseudotsuga menziesii forest by Tan et al. (1978). They found 

for a range of soil water conditions E to increase until D '" 1 - 1.5 kPa and declining E for higher 

values ofD. 
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Figure 4.4 - Relations between half-hourly forest evaporation (E) and the air saturation deficit (D) 
when the volumetric soil water content (6) was 0.45 (12 and 13 January 1995, panel A) and 0.36 (21 
- 23 January 1996, panel B) of the maximum value. The curves were set by eye. 

Overall, agreement between modelled Go (eq. 4.5, 4.9 - 4.11) and one third of data that had been 

separated before the fitting procedure was good (Figure 4.5A). Systematic underestimation of a small 

proportion of large values of Go may have resulted partly from the way f (6) and f (Qabs) 

asymptotically approached unity. Nonetheless, the relation was linear over the entire range, and a 

linear regression was not significantly different from the 1 : 1 line. 

Parameters of the assimilation model 

The maximum canopy electron transport rate at 20°C (Jmaxr' eq. 4.3 and A3) was 2241lmol m-2s- 1 (per 

ground area; for comparison with data after the forest was thinned by 30%, Jmaxr was reduced by the 

same percentage). We are aware of only one other tree canopy value of Jmaxr (at a reference 

temperature of 25°C), and it was much lower at 130 Ilmol m-2 
S-I for an Amazon rainforest with a one-
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sided leaf area index of 4 and average leaf N of ca 150 mmol m-2 (Lloyd et al. 1995b). 

At the scale of a leaf, there was a strong linear relation between Jmaxr and nitrogen concentration (N) 

at Balmoral forest (Jmaxr = 0.74 N + 2.67, r = 0.81, Walcroft et al. 1997). There was also a strong 

linear relation between needle N and height above the ground (Arneth et al. 1998d)_ An average leaf

level Jmaxr at the study site could thus be estimated, from the average value of N in the vertical profile 

(= 13 mg g-I '" 70 mmol m-2 (leaf); Ameth et al.1998d), as 551lmol m-2 (leaf) S-I, with leaf area 

expressed on an all-surfaces basis. Multiplication of this value by the hemispherical tree canopy leaf 

area index of 6.3 (ie, all-surfaces leaf area index of 12.6 divided by 2 after Chen and Black 1992) 

gave an independent tree canopy Jmaxr = 350 Ilmol m-2 (ground) S-I. For determination of the leaf Jmaxr 

versus N relation, the individual leaves were light saturated, and calculation accounted also for leaf 

dark respiration which was assumed unaffected under illuminated conditions (Wa1croft et al. 1997). 

These factors contribute to the larger value of 'up-scaled' canopy Jmaxr and suggest that ca half the 

leaves in the tree canopy were generally not light saturated during the eddy flux measurements used 

to determine the canopy Jmaxr• 

This can be confirmed with the following simple calculation: Accounting for the 'hedge-row' 

appearance of Balmoral forest we used Jackson and Palmer's (1979) extension of Beer's Law, who 

calculated canopy light interception in discontinuous canopies as the sum of light passing throught 

the canopy, and light passing between the tree rows (T6 i.e. the 'unshaded' area). The average light 

transmission T = Tr + (l-Tr) e-kL (where L = hemispherical leaf area index and k = 0.5). Tr set to 0.22 

resulted in a total quantum transmission of 25% after passage through the entire canopy, which 

conforms to the measured transmission values (Arneth et al. 1998b). With above-canopy Q set to a 

maximum 2000 Ilmol m-2 S-I the calculation suggests a drop below 1000 Ilmol m-2 S-I after passage 

through a partial LA! of only 2 (i.e. 30% of total hemispherical LA!). 

Above considerations may be interpreted to imply a general light-limitation of carbon assimilation at 

Balmoral Forest (ie, AJ < Ay). Correspondingly, the fitting procedure did not return a reasonable 

value for V emax' e was« 1, and separate analysis showed how the Fco2 : Qabs relation did not saturate 

(Arneth et al. 1998b). However, photosynthesis of leaves growing under low light conditions tends to 

saturate at lower light levels. Re-calculating canopy assimilation using a temperature dependent 

estimate of Vern ax = Jmax / (-0.028 T + 2.2) (Walcroft et al. 1997) yielded values of Jmax only 1-5% 

lower than Vemax when Qabs > 1000 Ilmol m-2s-l. This demonstrates how at close to saturating Q and 

ambient CO2 concentration the capacities for Ribulose 1,5 bisphosphate regeneration and 

carboxylation tend to co-limit assimilation (Lloyd and Farquhar 1996). 
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Figure 4.5 - Relations between half-hourly canopy conductance for water vapour calculated from the multiplicative, environmental constraint model 

(modelled Ge) with canopy conductance derived from eddy flux data using the Penman·Monteith equation (eddy Ge, panel A), and of measured and modelled 

canopy assimilation (Ae, panel B). Parameters values in the Ge and Ae models were defined by fitting equations (4.1) - (4.5) and (A 1) - (A3) (values in Tables 

4.2 and AI) to a random selection of two-thirds of the seasonal data as described in the text. Measured values are the remaining one-third of the data. 
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600 

Figure 4.6 - Relation between measured and modelled daily net forest - atmosphere carbon dioxide 

exchange rate (Feo2). Positive values indicate a net CO2 uptake by the forest. The 14 days of data 

shown were not used to define parameter values in the model. The daily fluxes were calculated from 

half-hourly canopy assimilation and ecosystem respiration. 

The agreement between half-hourly modelled and measured Ac was generally reasonable, but the 

scatter was significant (Figure 4.5B). There was a tendency for the model to reach a maximum of ca 

20 Ilmol m-2 
S-1 and thus to under-estimate greater values of Ac' but this represented < 5% of the data. 

For modelled daily Feo2, calculated from half-hourly Ac and ReeD' there was good agreement over the 

entire range of measurements (Figure 4.6). Consequently, independently reducing Gc with increasing 

environmental stress (eg, soil moisture deficit) accounted for the required reduction in Ac without the 

need for including a variable tree canopy photosynthetic capacity in the model. Drought, for example, 

can potentially effect various leaf biochemical processes (Farquhar and Sharkey 1982, Jones and 

Corlett 1992) and the coupling of Gc and Ac in our model does not necessarily quantify a mechanistic 

influence of conductance on assimilation (Leuning 1995). Nonetheless, other coupled assimilation -

conductance models for tree canopies, using the Ball Berry algorithm or optimal control theory, have 

also been successful over a range of environmental conditions by including a e -dependent multiplier 

(Tenhunen et al. 1990, McMurtrie et al. 1992, Sala and Tenhunen 1996, Baldocchi 1997b, Hollinger 

et al. 1998). 

Seasonal and annual Jorest-atmosphere carbon exchange 

Utilizing meteorological data from the forests' fire station and the soil-temperature and water-balance 



sub-routine (Appendix n, Figure AI), daily Ac' Reeo and FC02 were calculated over two years, 

beginning 1 July 1995 (Figure 4.7). These two years were similar in the quantity of absorbed 

irradiance, and mean air temperature was close to the long term mean at the site (Table 4.2). 

However, they differed markedly in annual rainfall: 545 mm in 95/96 or 113 mm below the mean 

(658 mm) versus 9% above the mean in 96/97. During the summer months (December-March), the 

95/96 rain was particularly sparse (64 mm), only 30% of the mean (203 mm). Accordingly, 

partitioning of available energy was then more towards sensible heat flux and average daily 

maximum D (Dmax) during summer was 12% greater than during 96/97 (Table 4.2). 
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Calculation of the water balance (Figure 4.7B) started with e = emax, a realistic assumption, following 

170 mm rainfall in June 1995. Low atmospheric demand for evaporation and sufficient rainfall kept e 

near its maximum during winter and early spring. However, in spring evaporation (E) rates increased 

to> 3 mm d·1 (Arneth et al. 1998b). Correspondingly, an imbalance established between water 

supplied to the roots by monthly precipitation (55 mm) and evaporative water loss, which led to a 

depletion of soil water storage (50 mm) within several weeks (days 137,447). During the dry summer 

95/96, e was thus close to its minimum for nearly three months. On the other hand, in autumn when 

daily E was reduced in the diminished light and D environment, soil water storage refilled within few 

days of heavy rainfall and remained near the maximum until spring. 

Flux calculations commenced with a steady increase of assimilation rate corresponding to the 

increasing Q.bs (Figure 4.7 A,C). Maximum Ac,just below 800 mmol m-2 d-\ were achieved in late 

spring. Reducing Gc with declining e and increasing D resulted in up to a threefold drop in Ac in the 

dry summer 95/96. After e was replenished in autumn (day 281), Ac did not recover because it was 

then limited by Q.bs (and T). By contrast, during the wetter summer of 96/97 Ac mostly exceeded 

previous summers' rates. In the two years years, average temperatures differed by only 6 % and Reeo 

gradually increased from a winter minimum of ca. -150 mmol m-2 d-I to a summertime range of -400 

to -500 mmol m-2 d-I. Typically, the sinusoidal course of Reeo reflected that of soil temperature Ts. 

With Ac obtaining maximum rates in spring while Reeo was still well below its annual peak, the 

maxima in Ac and Fco2 coincided. During summer, when Ae was reduced and a significant proportion 

was immediately respired Fco2 could vary over a period of only few days between + (sink) and

(source) 400 mmol m-2 d-I. The large variability corresponded with changes in Q'bS' D and T, which in 

our model manifest in an immediate response of Gc. Ae. and R.co. This reflects the dynamic connection 

between Fc02 and D on dry days (Arneth et al. 1998b). Maximum daily changes of Ae and Reeo during 

summer approached::;; 400 mmol m-2 d-I and::;; 300 mmol m-2 d-I, respectively. 
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Figure 4.7 - Seasonal courses of modelled daily net forest - atmosphere CO2 exchange rate, 
the component fluxes and environmental variables between 1 July 1995 and 30 June 1997. 
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Our model attributes a considerable proportion of daily fluctuations in FC02 to dynamics of Reco' In 

essence, this oscillating behaviour reflects the exponential nature of respiration which displays an 

increasingly sensitive reponse to minor changes in Ts when the soil is warm. Additionally, ~o 

contributes to FC02 continuously while photosynthesis is only relevant during daytime hours. For 

example, ifTs increases from 18°C to 20°C, Reco increases by 0.8 flmol m-2 S-1 (eq. 4.7). Integrated 

over 24 h, the two only degree change ofTs will result in substantial variation ofReco (70 mmol 

m-2 d- I
). Rapid interchanges of cold fronts with warm weather during summer can easily alter Ts by 

several degrees. 
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Disregarding lower absolute values, a dynamic behaviour of daily respiration rates has also been 

demonstrated from measurements in a dry boreal Jack pine forest (Baldocchi et al. 1997), where 

during summer day-to-day tree respiration estimated from eddy covariance data could double from 

125 to 250 mmol CO2 m-2 d-1• Inclusion of heterotrophic respiration is likely to increase the 

magnitude of these fluctuations further. Day-to-day variations in mean soil CO2 flux in a boreal aspen 

forest were also several flmol m-2 S-I (Black et al. 1996) which equally suggests considerable variation 

in daily integrated respiration rates. 

Some uncertainty remains whether, assuming a complete refill of soil water store after summer 

drought, photosynthetic capacity and/or stomatal conductance would recover immediately to their full 

potential (Benecke 1980). Nonetheless, a complete and long-term refill of soil water storage was not 

encountered during the summertime eddy flux measurement campaigns and is generally unlikely 

under normal weather patterns at Balmoral forest during summer. Hence we did not include a lagtime 

for the response of Gc or Ac following replenishing of soil water storage in our model. 

In winter,variability in Q.bs' D and T, and FC02' was much smaller than during summer and overall, 

the forest was more often a C02 sink. FC02 during the winter months was not significantly different 

during the two years (Figure 4.8). The somewhat lower carbon uptake in 96/97 was mainly caused by 

a higher amount of days with nighttime frosts in combination with an early occurance of frost. 

Nighttime temperatures in 96/97 fell repeatedly below zero from May onwards whereas the first 

series of frosty nights in 95/96 did not happen until June. King and Ball (1998) demonstrated that 

frost events in autumn, when the plants are unhardened, can have profound and long-term effect on 

photosynthesis. Overall, the inclusion of a frost-routine in the model (Appendix IT) reduced winter Ac 

by ca 10% and FC02 by ca 20% compared to calculations without frost-effect. FC02 in three winter 

months (June, July, August) totalled 102 and 93 g C m-2 in 1995/96 and 96/97, respectively. 
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Figure 4.8 - Seasonal accumulation of modelled daily net forest - atmosphere carbon exchange rate, 

for the two years shown in Figure 4.7. The solid line is for a year with near-average rainfall (7/96" 

6197, 715 mm) and the dotted line for a year with ca 20 % less rainfall (7/95 - 6196, 545 mm). 

By contrast, in the dry year of 1995/96 net forest C gain during summer (December" March) totalled 

only 53 g C m-z, or one-half of C gained during winter, in the dry year 1995/96. Summer Reco 1 Ac 

averaged 1.23 (absolute values) and C uptake between days 150 and 250 was nearly zero (Figure 

4.8). ~o 1 Ac in the succeeding, wetter summer 96/97 averaged 0.75 and C uptake continued 

throughout, albeit with a reduced rate compared to spring. Consequently, Fcoz in the December to 

March period (250 g C m·z) noticeably exceeded winter C gain. The significant interannual difference 

in the forest's annual C balance was thus established mainly during the relatively short summer 

period. This meant that C uptake during a year with an overall near-average rainfall, and cooler 

temperatures, was greater (716 g C m·z a-I) than a dry years' uptake by one third (515 g C m-2 a-I; 

Table 4.2). Overall, between 60 and 70% of C sequestered (Ac) was lost to the atmosphere via auto

and heterotrophic respiration. 

We analysed the separate impact of abiotic factors on Fco2 by calculating carbon exchange for 

doubled rainfall (at similar frequency), a 20% reduction in D, a 20% increase in Qabs and a 5% 

increase in temperature (Table 4.2). It can be expected that variation of rainfall and D will have their 

major effect during the summer months: During autumn - early spring e is always near its maximum, 

so exceeding precipitation is simply lost by drainage. Also, the influence of D on Gc was most 
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significant when e < ec (Figure 4.3). By comparison, increased Qabs will be most influential between 

autumn and spring when e and D are non-limiting. Finally, FC02 is T-sensitive over the entire year 

with effects on both Ac and Reco. 

Even with 'real' rainfall e constrained Gcmax and Ac only during a short summer period during the wet 

year (Figure 4.7B). Consequently, the effect of reduced D was twice the effect of doubled rainfall and 

let to a 9% increase in annual FC02 (Table 4.2). By contrast, in the dry year the effects of reduced D 

and doubling of rainfall on FC02 were equal (11 %). However, even with rainfall doubled, annual FC02 

was only 72% of 96/97 because summer rainfall was still less by 44%. Proportional to the increase in 

T, Reco in both years increased by z 5%. T affects FC02 accumulation mainly via respiration; Ac 

declined insignificantly at higher T because the optimum temperature was exceeded somewhat more 

frequently. Ultimately, the 5% increase in temperature resulted in a 21 % and 11 % decline in FC02 in 

the dry and in the wet year, respectively. In accordance with the apparent light limitation (as 

discussed before) the change in annual FC02 was virtually proportional to the change in Qabs while Ac 

increased by 5 and 8% (Table 4.2). 

Table 4.2 - Modelled annual carbon exchange rates (Ac = tree canopy assimilation, Reco = ecosystem 

respiration and FC02 = net ecosystem - atmosphere carbon exchange) in a summer-dry Pinus radiata 

forest over 2 years of similar average temperature (T) and absorbed quantum irradiance (Qabs) but 

markedly different rainfall. The model was run with the actual climatic data, with doubled rainfall (X 

2), air saturation deficit (D) reduced by 20% (X 0.8), T increased by 5% (X 1.05) and Qabs increased 

by 20% (X 1.2) with su = summer (1 December - 31 March) and ibid. = unmodified parameter values 

period Qabs T rain su-rain Dmax su-Dmax Ac Fe02 Reco 
mol m-2 a-I °C ------mm------ -------kPa------ _______ g C m -2 a-I _______ 

7/95 - 7637 9.8 545 64 1.20 1.75 1690 515 1175 

6/96 ibid. ibid. X2 X2 ibid. ibid. X 1.03 XLII ibid. 

ibid. ibid. X 1.0 X 1.0 XO.8 XO.8 X 1.03 X 1.10 ibid. 

ibid. X 1.05 ibid. ibid. X 1.0 . X 1.0 X 0.97 X 0.79 X 1.05 

X 1.2 X 1.0 ibid. ibid. ibid. ibid. X 1.05 X1.17 X 1.0 

7/96 - 7757 9.5 715 277 1.12 1.56 1841 717 1125 

6/97 ibid. ibid. X2 X2 ibid. ibid. X 1.02 X 1.04 ibid. 

ibid. ibid. X 1.0 X 1.0 XO.8 XO.8 X 1.03 X 1.08 ibid. 

ibid. X 1.05 ibid. ibid. X 1.0 X 1.0 XO.98 XO.89 X 1.04 

X 1.2 X 1.0 ibid. ibid. ibid. ibid. X 1.08 X 1.2 X 1.0 
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In a model analysis for various pine species, McMurtrie et al. (1994) attributed a 10-25% reduction in 

Ac; to a proportional reduction in Q following the passage through the canopy, when otherwise 

climatic factors were non-limiting. This proportionality was found notwithstanding of species for two 

closed canopy P. radiata and a P. resinosa plantations, growing in New Zealand, Canberra and 

Wisconsin, respectively. However, it did not hold for more sparse P. eliotii and P. sylvestris stand 

growing in Florida and in Sweden, respectively. Ac was further reduced by 30 - 50 % due to either 

the combination of low T and high D (Wisconsin) or lowe and high D (Canberra). McMurtrie et al. 

(1994) used the combined influence ofT, D and e to calculate utilizable, or growing season Qabsand 

found for all four species growing in five different environments Ac / utilisable Qabs constant as 1.77 

(QabS in MJ m-2 a-I). Combining this factor with modelled Ac at Balmoral forest leads to a calculated 

utilisable Qabs of 4340 mol m-2 a-I in the dry year and 4730 in the wet year (using a factor of 0.22 MJ 

motl
). Thus in the two years only 57 and 61 % of total Qabs were effectively utilisable for 

photosynthesis. 

It must be stressed, however, that the above sensitivity analyses do not represent potential responses 

of FC02 to 'climate change'; they indicate the relative importances of single abiotic parameters. In a 

'real' climate, none of these can vary independently: For example, a change in rainfall corresponds 

with varaition in cloudiness, and quantity and quality of irradiance. Altered Q will directly affect Ac 

but probably also maximum canopy photosynthetic capacity through the modification of nitrogen 

allocation (Walcroft et al. 1997). There will also be a change in the partitioning of available energy 

into latent and sensible heat fluxes which in turn modifies T and D. 

In a summer dry environment near Canberra, Australia (790 mm rain p.a.) and for an analogous P. 

radiata canopy (non-fertilized, lO-year-old, one-sided LAI = 4.7) McMurtrie et al. (1992) derived 

nearly similar annual canopy assimilation", 1800 g C m-2 from an analysis using the model 

BIOMASS. This is remarkably close to Balmoral forest when annual rainfall was 715 mm. 

Furthennore, modelled Ac in the Australian plantation displayed a similar seasonality with slightly 

higher spring maxima (average = 1 mol CO2 m-2 d-I) and summer minima close to zero. An earlier 

analysis using BIOMASS was done for a water and nutrient limited P. radiata plantation (LAI = 5.8) 

in Woodhill forest, ca 700 km north of Balmoral forest in the North Island of New Zealand 

(McMurtrie et al. 1990). Annual Ac was estimated as 2500 g C m-2 a-I. Although nutrient-limited, 

higher Ac at this site might be attributable to the generally higher rainfall (940 - 1550 mm a-I) and the 

improbability of night frosts even in winter. 

By contrast to the pronounced seasonality in CO2 exchange in drought-limited P. radiata forests, 

fday-to-day variability in the boreal P. banksiana forest exceeded the seasonal variation (Baldocchi et 
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al. 1998) although measured e over 0-0.15 m in the sandy soil declined from 0.16 to 0.04 during the 

study, and thus exhibited a similar range than over depth 0-0.3 mat Balmoral forest. In the boreal 

pine forest, there was the possibility of tree roots utilising deeep water during the dry periods in 

summer. Net C uptake measured there between spring and autumn as only 47 g C m-2. From five 

years of eddy flux measurements in a temperate deciduous forest, carbon exchange varied from 140-

280 g C m-2a-1 (Goulden et al. 1996b). Annual Fco2 was most sensitive to T in spring and early 

autumn which, in tum, defines the length of the growing season. For a deciduous forest located ca 

1300 km to the southwest of Harvard Forest, and at least a month longer and much warmer growing 

season, continuous eddy flux measurements yielded a significantly larger annual Fco2 = 525 g C m-2 

(Greco and Baldocchi, 1996). Grace et al. (1995b; see also Lloyd et al. 1995b) calculated from eddy 

covariance data an annual C uptake of 102 g m-2 in a tropical rainforest. In summary, even when 

grown at sites prone to soil water deficit, P. radiata plantations have significantly higher net C

uptake than a variety of other forest ecosystems where rainfall can be assumed non-limiting for 

photosynthesis. 

Conclusions 

At Balmoral forest, notable seasonality and interannual variability in Ac' ~ and Fco2 was goverend 

by variations in summer rainfall and the closely associated variation of temperature and air saturation 

deficit. Despite the general decrease when the soil water storage became depleted, a large range of 

daily Fco2 (+400 to - 400 mmol m-2 dol) was attributable to dynamic day-to-day fluctuations in both Ac 

and~. For two succeeding years Fco2 was calculated as 515 g C m-2 a-I and 716 g C m-2 a-I when 

annual rainfall increased by 30%, while similarly D and T were reduced. 

At Balmoral forest, the evergreen habit of P. radiata and comparatively mild winters allow 

photosynthesis to occur over the entire year. Despite interannual differences in annual forest carbon 

uptake being generally established during a short summer period, the amount of carbon sequestered 

in winter is a significant part of the annual total especially when the summer is dry. Being a species 

selectively bred to achieve extraordinarily high tree growth rates, even when grown at sites prone to 

soil water deficit, P. radiata plantations have the potential for significantly higher annual FC02 than 

other forests. 



CHAPTER 5: NET ECOSYSTEM PRODUCTIVITY, NET PRIMARY PRODUCTIVITY 

AND ECOSYSTEM CARBON ALLOCATION IN A PINUS RADIATA PLANTATION 

SUBJECT TO SOIL WATER DEFICIT! 

Abstract 
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Regular measurements of total tree carbon (C) uptake (net primary productivity, NPP) in a New 

Zealand Pinus radiata D. Don plantation (420 52' S, 1720 45' E) growing in a region subject to 

summer soil water deficit were investigated jointly with canopy assimilation (Ae) and ecosystem C 

exchange (net ecosystem productivity, NEP). NPP was derived from bi-weekly stem diameter growth 

measurements using allometric relations, established after selective tree harvesting. Ae and NEP were 

estimated using half-hourly weather station data to drive a biochemically-based and environmentally

constrained model validated by seasonal eddy covariance measurements. Over three years with 

variable rainfall, annual NPP varied between 7.6 and 9.2 t C ha-t, while Ae and NEP were 16.9 - 18.4 

t C ha-J and 5.0 - 7.2 t C ha-J
, respectively. At the end of the tree growing season, NPP was mostly 

allocated to wood, with nearly half (47%) allocated to stems and 27% to coarse roots. Annual stand 

stem volume growth rate was proportional to NEP by a factor of 0.24 ± 0.02 t C m-3
• The 

conservative nature of this proportionality was encouraging for the prospects of estimating annual 

NEP from forest yield tables, data that is common in many countries for commercial purposes. 

On a bi-weekly basis, increases in NPP repeatedly lagged Ae, suggesting the occurrence of 

intermediate C storage. On an annual basis, however, NPP increased very tightly with Ae with 

NPP/Ae = 0.47 ± 0.02 for the three years, indicative for a nearly constant allocation of C to 

autotrophic respiration. In the water limited environment, variation in all three parameters of the 

ecosystem C balance was largely accounted for by a parameter integrative of annual soil water 

storage. The combination of mensurational data with canopy and total ecosystem C fluxes allowed an 

estimate of heterotrophic respiration (NPP - NEP) '" 30% of NPP and as '" 40% of NEP. Potential 

implications for fine-root NPP are also discussed. 

lChapter 5 has been submitted as Arneth et al. to Tree Physiology 
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Introduction 

The pivotal contribution of forests to the terrestrial carbon (C) cycle is undisputed. Forests store an 

estimated 359 Pg C in living biomass (plus 787 Pg in forest soils, Dixon et al. 1994), and forest C 

sequestration is believed to account substantially for the 'missing carbon sink' (SchimeI1995, Tans 

et al. 1990). Also, strategies to 'offset' net C emissions with the promotion of uptake in additional 

plantations have been proposed (Vitoussek 1991, Kiirsten and BurscheI1993). These strategies take 

advantage of the relatively long life span of trees and the large amount of C that can be stored for a 

long time in wood. 

Traditionally and commercially, forest growth is measured in terms of annual stem volume increment 

or above-ground biomass increase. Extensive and long-term tree growth data are available for most 

countries (e.g. Hollinger et al. 1993, Kauppi and Tomppo 1993, Shvidenko and Nilsson 1994). 

However, regular mensurational measurements have often ignored the amount of C allocated to root 

turnover. Also, our quantitative understanding of C cycles in mineral forest soils and the amount of 

heterotrophic C loss is poor, and severely limits assessments of total forest C cycles based solely on 

mensurational measurements. 

However, during the last five to eight years, seasonal and continuous monitoring of net C fluxes in 

whole forest ecosystems has become technically feasable (e.g. Wofsy et aI. 1993, Hollinger et aI. 

1994, Grace et aI. 1995, Black et aI. 1996). Reported forest C exchange rates range from, for 

example, 1.3 t C ha-1 in a boreal (Black et aI. 1996) to 5.3 t C ha-1 in a temperate deciduous forest 

(Greco and Baldocchi 1996). Additionally, significant interannual variability within the same forest 

ecosystem has been related to climatic dynamics (Goulden et al. 1996). Besides merely providing 

annual C balances, the micrometeorolgical flux data are increasingly utilised to analyse the processes 

underlying the observed spatial and temporal variability in C exchange rates (e.g. Amthor et al. 1994, 

Hollinger et aI. 1994, Lloyd et al. 1995, Arneth et aI. 1998c). It is perhaps surprising, however, that 

currently the interpretation of whole system fluxes combined with mensurational tree growth data is 

only rudimentary. Associated with eddy covariance flux data, measured tree C uptake allows 

assessments of heterotrophic respiration and also provides a tool to independently test at least parts of 

ecosystem C flux models (Williams et aI. 1997). 

The objective of this paper is to combine regular tree-growth measurements with whole forest 

ecosystem C exchange, based on a biochemical model validated with eddy covariance data. 



Measurements were made in a New Zealand Pinus radiata plantation, growing in a water-limited 

environment, over 3 years that differed markedly in rainfall. The assessment quantified rates of tree 

net primary productivity and canopy assimilation, net ecosystem productivity and autotrophic and 

heterotrophic respiration. 

Methods 

Site description 
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All measurements were made within a ca. 20 km2 Pinus radiata D.Don plantation, located 100 km 

north-west of Christchurch, New Zealand (42° 52' S, 172° 45' E, 198 m asl). In October 1994, when 

tree-growth measurements commenced, the selected stand was 8 years old. Trees were planted with a 

density of 1200 ha-I in east-west rows with 4 m distance between the rows and 2 m distance within 

the rows. There was no understorey vegetation present. Annual precipitation averages 658 mm and 

the monthly distribution is even (55 ± 5 mm month-I). Mean monthly air temperatures range from 4.5 

°C in the coldest month (July) to 16°C in the warmest month (February), averaging annually to 10.8 

0c. Frost occurs frequently during winter, mostly at nighttime or early morning and air temperatures 

are only few degrees below °C (NZ Met. Service 1983). 

The soil is very stony sandy loam, an Inceptisol classified as Ustrochrept (T Webb, pers. comm. 

1996), with> 30% stones per volume (Arneth et al. 1998 a,b). Soil water content over 0.3 m depth 

(6, m3 (water) m-3 (soil» was measured by excavating gravimetric samples and by time domain 

reflectometry. This depth was equivalent to the main rooting zone observed in soil pits. From autumn 

through spring, soil water was generally plentiful with maximum volumetric soil water content = 0.24 

(:::: 10 kPa suction, field capacity; J Claydon pers. comm. 1995). During summer a frequently severe 

soil moisture deficit develops with minimum measured 6 = 0.08 (Arneth et al. 1998c). Available soil 

water storage capacity thus is limited to 50 mm, equivalent to approximately 16 days of forest 

evaporation during fine summer weather (Arneth et al. 1998 b,c). 

Flux measurements and model 

Half-hourly eddy covariance measurements of whole forest sensible and latent heat, and CO2 fluxes 

were made regularly during seven campaigns. The campaigns were conducted seasonally between 

November 1994 and March 1996 and each lasted 6-8-days. The instrumentation and flux corrections 

applied have previously been reported in Hollinger et al. (1994) and Arneth et al. (1998 a, b). At 

ground level during the campaigns evaporation was measured from the weight loss of small 

lysimeters and respiration with a portable infrared gas analyser - soil chamber system. Half-hourly 



measurements of associated climatic variables included air and soil temperatures (T and Ts' 

respectively), air saturation deficit (D), rainfall, wind speed and -direction, and quantum irradiance 

absorbed by the canopy (Qabs) (Arneth et al. 1998a,b). Climatic data was also available from the 

forest's fire station ca. 5 km south-east of the study site. 
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The eddy covariance- and ground flux data were used to define parameter values of a biochemically

based model that calculates forest-atmosphere CO2 and water exchange from the climatic data. The 

model treats the entire canopy as an entity ('big-leaf'), and it calculates ground CO2 and H20 fluxes 

separately. The model, including the calculations involved and validation, was described fully by 

Arneth et al. (1998c). In brief, it follows 5 steps: 

1) Tree canopy conductance for water vapour transfer (Ge) is determined from a multiplicative, 

environmental-constraint submodel. A maximum Ge (Gemax) is defined from the data, and it is 

accordingly reduced when 6, D, T and/or Qabs are limiting. 

2) The Ge submodel is coupled to a tree canopy assimilation (Ae) submodel, based on leaf 

biochemistry (Farquhar et al. 1980), using the analytical solution of Lloyd et al. (1995). 

3) Ground evaporation (Eg) is proportional to the available energy, but with a proportionality 

coefficient declining with 6. Ground and whole forest respiration (Rg and ~o' respectively) are· 

modelled from an Arrhenius-type relation and thus increase exponentially with temperature. 

4) The Ge, Ac' Eg, Reco and Rg submodels are coupled to soil water balance and soil temperature 

subroutines. 

5) The model, including the summary calculation of annual forest carbon exchange (net 

ecosystem productivity, NEP = Ac - Reco) is driven by the half-hourly weather data from the forest fire 

station. 

By contrast to the previous thesis chapters, C fluxes are reported in this chapter on a per hectare basis 

to align them with the tree growth data. 

Tree growth and biomass 

In October 1994, a 100 tree (20 m by 40 m) mensurational plot was established about 50 m west of 

the eddy covariance tower. Dendrometer bands, fabricated from 10 mm wide by 0.5 mm thick 

stainless-steel sheeting held tightly on tree stems with a stainless steel spring, were placed below the 

lowest living branch of 16 trees. The selected trees represented the forest's stem diameter 

distribution. In 1994, the living crowns reached to the lowest clusters of branches, and the 

dendrometer bands were located ca. 0.2 m above the stem base. With continuing tree growth, height 

and leaf area increased and needles at the lowest branches subsequently died, so that in August 1995 



nine of the 16 diameter bands were shifted about 0.4 m further up the stem. 

Until March 1996, vernier scales on the bands were read regularly, usually bi-weekly but monthly 

during winter (June - August) when diameter growth was low. Three further readings were done in 

September and October 1996, and one again in August 1997. Tree height growth was recorded at 

monthly basis until March 1996, and again in September 1996 and August 1997. 

79 

Necessary allometric relationships between stem cross-sectional area below the living crown (alc) and 

whole tree growth (net primary productivity, NPP) were established from harvesting six 

representative trees in July 1995 and five more in August 1996. Choosing alc as the independent 

variable reflected the functional interdependence between sapwood area and leaf area which derives 

from the importance of light interception to growth (e.g. Waring et al. 1982, Cannell and Dewar 

1994). For each tree, the dry weights of stem, branches and needles were determined and branch 

cluster height was measured. The needles and branches from each cluster were separated into current 

year and older age classes. From five to six positions, vertically regularly spaced within the tree 

crown, all-surfaces area of ca 10 fresh fascicles was measured by immersion (Beets 1977), and 

converted to a hemispherical projected area by division by two (Chen and Black 1992). Current year 

branch and foliage subsamples for carbon and nitrogen analyses (CN analyser Carlo Erba 

Instruments, Italy) were also collected in a vertical profile. Stemwood subsamples for C-N analyses 

were taken from base, 25%, 50% and 75% of tree height. 

In July 1995 the root system of one of the harvested trees was excavated using a small digger. 

In November 1995, four more root systems were excavated from similar soil in a recently logged 

stand of 22 year-old-trees ca. 2 km away (Arneth et al. 1998a). The lack of a living crown for the 

logged trees meant that the resultant coarse root biomass (> approximately 5 mm diameter) allometric 

relation used stump cross-sectional area rather than alc. 

Anticipating our results, we calculated forest C exchange for three years: 1 November 1994 - 31 

October 1995, 1 November 1995 - 31 October 1996, and 1 August 1996 - 31 July 1997. This allowed 

alignment with the tree diamter growth measurements and also the comparison of three complete 

years with considerable variations in rainfall. Doubling of weather data from the winter months 1996 

will not mask the analysis because at Baloral forest interannual variation in climatic parameters is 

generally pronounced only during the summer months. Consequently, ecossytem C uptake during 

winter differs only insignificantly between years, and interannual differences are constrained by 

variations in summer weather (Arneth et al. 1998c). 
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Results and discussion 

Annual average air temperatures in the study period (November 1994 - June 1997) were normal and 

varied by only 0.5 °C between 9.5 and 10 °C (Table 1). By contrast, annual rainfall varied 1.3-fold 

between the wettest (1996/97, 715 mm) and the driest year (1995/96,532 mm). For the dry year, 

annual rainfall was only 80% of the long-term mean, and summer (1 December - 31 March) rainfall 

(64 mm) was only one third of the seasonal norm (203 mm, NZ Met. Service 1983). Rainfall during 

1994/95 (696 mm) was near-normal, however this was largely due to an unusual wet June with more 

than three times the monthly average rainfall (173 mm versus 54 mm). As atmospheric evaporative 

demand in winter and the soil water storage capacity are low, most of this water was lost by deep 

drainage. Rainfall in the summer months 1994/95 (150 mm) was more than twice that in 1995/96, but 

was still below average. Summer rainfall during the wettest year was greater than normal (277 mm). 

Reflecting this greater summer rainfall, the associated cloud cover and comparatively lower air 

temperatures, maximum air saturation deficit averaged 10% lower (1.12) in this wet year than during 

the two previous, drier years (1.24, 1.21; Table 5.1). 

In early November 1994, the 8-year-old trees were 8.5 m (± 0.6 m, standard deviation, n = 100) tall, 

tree stem diameters were 133 ± 18 mm at breast height (dbh) and 170 ± 24 mm below the living 

crown. The corresponding basal areas were calculated as 17 m2 ha-1 and 27 m2 ha-1
, respectively_ Tree 

height and diameter at Balmoral forest closely resembled 10-year-old P. radiata stands growing in a 

comparable summer-dry climate near Canberra (annual rainfall = 790 mm) before the onset of the 

Biology of Forest Growth Experiment (BFG; dbh = 150 mm, height = 9.5 m, Linder et al. 1987, 

Benson et a1. 1992). However the BFG stands had a lower stand density (ca 700 ha-1
) and 

consequently breast height basal area was less (12 m2 ha-1
)_ In a dry, unfertilised 9-year-old New 

Zealand P. radiata plantation in Woodhill forest (annual rainfall = 1328 mm, but growing on 

stabilised sand dunes with low soil water holding capacity), dbh was 154 mm, and at stem density 

741 ha- 1 breast height basal area was 16 m2 ha-1 (McMurtrie et a1. 1990). 

Net primary productivity 

The partitioning of biomass within trees reflects the priorities of structural requirements, carbon 

sequestration by leaves through photosynthesis, respiration by aU living tissue, and water and nutrient 

uptake by roots. At the beginning of measurements, nearly one half of tree biomass (88 t ha-1
, Figure 

5.1) was fixed in stems and further 27% were located in coarse roots. The remaining tree biomass 

was nearly equally contributed by branches and needles (Figure 5.1, Table 5.1). Average wood 

density was 330 kg m-3 (A. Walcroft, pers. comm. 1997) and stand stem volume was 126 m3 ha-1
, 

more than two times that in the BFG stand (50 m3 ha-1
, Linder et al. 1987). Measured carbon (C) 



Table 5.1 - Modelled annual carbon flux densities (t C ha-I a-I), and evaporation rates (E), in the Pinus radiata stand during the three year study. Rates of tree 

canopy assimilation (AJ, ecosystem respiration (Reco) and net carbon exchange (NEP) were estimated using a biophysical model described by Arneth et al. 

(l997c)- Tree net carbon uptake (NPP) and stem volume growth rates were determined from measured stem cross-sectional area below the living tree crown 

(ale), height and the allometric relationships in Table 5.2. The annual climatic data are quantum irradiance absorbed by the tree canopy (Qabs)' average air 

temperature (T), rainfall and the average value of maximum daily air saturation deficit (Dmax). 

Qabs T rain Dmax ale Ac NEP Reco NPP volume growth E 

mol m-2 °C mm kPa m2 10-3 ------------- t C ha- t ------------- m3 ha-1 mm 

11194- 10/95 7916 10_0 696 1.24 4.56 18_1 5.9 12.2 8.6 25-4 463 

11195-10/96 7503 9_9 532 1.21 4.01 16_9 5.0 11.9 7.6 22-4 399 

8/96-7/97 7746 9_5 715 1.12 4.88 18-4 7.2 11.2 9.2 27.2 488 

00 
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content in various tree compartments ranged from 50.1 % in needles to 51 % in stem wood, thus the 

common factor of 0.5 was applied to convert biomass data to C storage. In a strict sense, the biomass 

partitioning coefficients (Table 5.2) reflect only the net allocation of resources integrated over the 

growing season - throughout the year the relative growth rate of different tree compartments will 

vary. For example, needle expansion is usually restricted to spring with a second flush possible in late 

summer. Also, fine-root growth can vary seasonally depending to soil water availability (Cannell and 

Dewar 1994). However, because of the overall large fraction of C fixed in the stem and coarse roots, 

the ratios in table 5.2 should not vary significantly on a seasonal basis. Thus we interpret the bi

weekly diameter growth measurements as indicative of total tree growth. 

100 400 
% % 

80 
,-... 

"7 
cU 

..e 60 ..... 
'-" ..... 
..e co 

11.9 ~ - needle 

I 
-

13.6 branch 41.6 

-
-

300 

200 ..... 
40 Q) 

~ 
stem - 47.2 25.7 

€ 
20 

-
- 20.7 

100 

0 
coarse root 27.3 

11.9 o 
dry weight N 

Figure 5.1 - Pinus radiata stand biomass (left bar, t ha- I
) and nitrogen (N) content (right bar, 

kg ha-I
), and allocation to coarse roots, stems, branches and needles on 2 November 1994. 
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The biomass fractions were determined from measurements of stem cross-sectional area below the 

living crown and the allometric relationships in Table 2, as described in the text. Stemwood and 

coarse root and branch N contents were 0.16 (sd = 0.03) and 0.69 % (sd = 0.22), respectively. Tree 

canopy N was determined as described in the text. 

More than a quarter of tree biomass was found below the ground in the form of coarse roots. The 

reported root data excludes the contribution of roots with diameter < 5mm (defined her as 'fine' 

roots) to the total tree root biomass. Although fine root production can be a significant sink for tree C 

allocation (see later discussion), the life span of fine roots is also generally short. At any given time 

their omittance thus introduces only a small error in assessments of total tree biomass. From samples 

in 4 soil pits made during July 1995, biomass of roots with diameter < 5mm was found as 2.9 ± 0.9 t 

C ha- I in our stand (N. Scott, pers.comm. 1997). The samples included both live and dead, but not yet 
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decomposed, fine roots. In a P. radiata plantation in the North Island of New Zealand, Santantonio 

and Santantonio (1987) found only one third of fine root samples « 5mm diameter) to be contributed 

by live roots. Assuming a similar ratio of live to dead roots for Balmoral forest leads to an estimated 

0.96 t C ha-l located in living roots with diameter < 5mm in July 1995, equal to 7% of coarse root 

biomass and 2% of the total (14 t C ha-I and 52 t C ha-I, respectively, in July 1995). 

Table 5.2 - Allometric relations derived from the tree biomass and nitrogen (N) content 

measurements in a Pinus radiata stand. The relations were based on aboveground tree harvesting in 

July 1995 (6 trees) and August 1996 (5 trees), and additional harvesting of coarse root systems in a 

nearby clear-cut in November 1995. Abbreviations are alc for stem cross-sectional area below the 

living (green) crown (m2) and dw for dry weight (biomass, kg). Tree needle area is given as one half 

of the measured total surface area. The data may be converted to a ground area basis using the stem 

density of 1200 ha- l
. 

parameter 

total dw (kg tree-I) 

stem dw (kg tree-I) 

needle dw (kg tree-I) 

branch dw (kg tree-I) 

coarse root dw (kg tree-I) 

current year needle dw (kg tree-I) 

tree needle area (m2 tree-I) 

N in canopy, per ground area (g m-2
) 

function 

3135 alc, r = 0.86 

1529 alc, r = 0.69 

387 alc, r = 0.83 

440 alc, r = 0.66 

885 stump-basal area, r = 0.96 

119 alc, r = 0.65 

2310 alc, r = 0.84 

618 alc, r = 0.90 

Allocation of C to roots reflects the tree's need for nutrient and water uptake and structural integrity. 

Jackson and Chittenden (1981) studied root biomass in P. radiata growing in the centre of the North 

Island of New Zealand, in nutrient rich, deep pumiceous sandy loam and under non-water limiting 

conditions. Applying their general equation derived from root biomass> 5mm diameter from 250 

trees (1ndw = 2.731n (dbh) - 5.009; dbh = 13.3 cm in November 1994) led to a calculated average root 

dw of 7.8 kg tree-I and grocely underestimated root dw at Balmoral forest (20 kg tree-I). By contrast, a 

relationship derived by Watson and O'Loughlin (1990) for P. radiata trees growing in the East Coast 

of New Zealand's North Island (lndw = 2.24 In (dbh) - 2.68) resulted in a calculated root biomass of 

23 kg tree- l and could thus also be successfully applied for our stand. The allocation of C to roots has 

also been determined from tree canopy nitrogen content (Landsberg and Waring 1997). This was 140 

kg N ha-I (see below) so that Landsberg and Waring would allocate"" 0.27 ofNPP to roots, a value 
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similar to our biomass measurements. All these calculations, however, do not consider coarse root to 

above-ground (shoot) weight ratio, which at Balmoral forest was relatively large (0.37), twice the 

average for temperate coniferous forests (Jackson et al. 1996). Relatively heavy and thus expansive 

root systems can be symptomatic of a site subject to recurring soil water deficit (Cannell and Dewar 

1994). Furthermore, a large amount of structural root biomass is an advantage in a windy climate like 

at Balmoral forest, where gusts regularly exceed 25 m S-I. 

Commonly, plants respond to limited water supply through the development of sclerophyllous leafs, 

characterised by a low leaf area to weight ratio (SLA). Throughout a tree crown, SLA represents an 

integrative measure of vertically-defined processes like light interception and hydraulic conductance 

and all values quoted in the following are consequently given on a one-sided, hemispherical projected 

area basis (ie all-surface area divided by 2, Chen and Black 1992).The average SLA at Balmoral 

forest was 5.9 m2 kg -I, similar to values reported for the non-irrigated BFG P. radiata site (4.5 - 6 m2 

kg-I, Raison et al. 1992) but only 60% of values reported for well watered sites (8 m2 kg-I, Beets and 

Lane 1987). Despite light interception being a curvilinear process (i.e. Beer's Law) and the tree 

canopy absorbtion about 75% of irradiance (Arneth et al. 1998b), we found a linear but considerably 

scattered decline of SLA with the height of branch clusters, ranging from 7.5 m2 kg-Ion bottom of the 

canopy to 4.1 m2 kg-I at the top (SLA = -0.037 height + 7.9, r = 0.41; cluster height expressed in % 

of total tree height). Stand leaf area index (one-sided basis) in early November 1994 was 6.3 (Table 

5.2). Similar to SLA, needle nitrogen (N) concentration is closely associated with vertical light 

interception, and reflects also needle photosynthetic capacity (eg. Hollinger et al. 1996, Field et al. 

1991). At Balmoral forest, more than 40% of total tree N was located in needle biomass (140 kgN 

ha-t, Table 5.2, Figure 5.1). Inversely to SLA but equally linear, needle nitrogen increased with 

height (needle N (gN m-2
) = 0.028 height + 0.093, r = 0.83, cluster height expressed in % of total tree 

height). Similar data obtained in an adjacent stand led Livingston et al. (1998) to conclude that the 

tree's leader constituted an important C sink during the growing season, which would override the 

curvilinear influence of irradiance in the distribution of nutrients. N contents in other compartments 

of the tree were insensitive to the vertical position, with branches containing 0.69 %N (weight basis) 

and stems and roots 0.16%. 

N content of needles (averaging 13 mg g-I) at Balmoral forest is high compared to other unfertilised 

P. radiata forests, and reflects adequate N supply from the soil (C-N ratio in 0 - 0.3 m depth = 19, N. 

Scott, pers. comm. 1996). For P. radiata stands growing on stabilised sand dunes in Woodhillieaf N 

ranged between 8.5 mg g-I at unfertilized sites and 11.4 mg g-I after application of liquid fertilizer 

(McMurtrie et al. 1990). In the unfertilised BFG stand, N in current year needles was 12.1 mg g-I and 

the tree canopy N contained", 80 - 110 kgN ha-I (Raison and Myers 1992). 
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Seasonal tree growth and net ecosystem productivity 

A distinct seasonality was evident in alc growth with maximum rates in spring ('" September

November Figure 5.2) and a period of near-zero gain during winter ('" June - August). In the two dry 

years 1994/95 and 1995/96, nearly half (38% and 49%, respectively), of annual stem diameter growth 

was completed in spring. During summer, growth rates varied with soil water supply and were close 

to zero when the soil was driest (March 1995, January - March 1996). Stem shrinkage during drought 

was observed during one bi-weekly summer measurement period as has been reported elsewhere 

(Benson et al. 1992). Annual alc growth during the nearly three years of measurements varied by ca 

20 % from 4.0 10-3 m2 in the driest year (11195 - 10/96) to 4.9 10-3 m2 in the wettest year (7/96 - 6/97, 

Table 5.1). Accordingly, total tree C uptake (net primary productivity, NPP) varied between 7.6 and 

9.2 t C ha-I
, whereby 5.7 to 6.9 t C ha- I were located above-ground, and stem volume inceased 

between 22.4 and 27.2 m3 ha· t (Tables 5.1 and 5.2). 
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Figure 5.2 - Daily rainfall (mm, bars) and modelled volumetric soil water content in the main tree 

rooting zone (0 - 0.3 m depth), expressed as a percentage of the maximum value (line) in the Pinus 

radiata stand for two years after 1 November 1994 (top panel). The bottom panel shows the seasonal 

course of the average stem cross-sectional area below living crown (ale, m2). An additional 

measurement of alc made in July 1997 was not included. 
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Table 5.1 also summarizes annual canopy assimilation (Ac), ecosystem respiration (Reco) and net 

ecosystem C uptake (NEP = Ac - ~o). These were calculated with the forest C and water flux model 

briefly described before (see also Arneth et al. 1998c) using weather station data. Ac varied from 16.9 

to 18.4 t C ha·) and is identical to that modelled by McMurtrie et al. (1992) in the comparable 

unfertilised and fertilised, but not irrigated P. radiata plantations at the BFG sites (17 -20 t C ha·\). 

Corresponding annual above-ground C uptake there was reported as 8 and 10 t C ha·\, respectively 

(Snowdon and Benson 1992). Combining irrigation and fertilisation increased modelled Ac and 

above-ground NPP to 45 and 20 t C ha"\ a"1, respectively. In Woodhill forest, with twice the rainfall, 

annual Ac was ca 25 t C ha"\ in the unfertilised stand and up to 33 t C ha"\ at fertilised sites 

(McMurtrie et al. 1990). These numbers reiterate how, on drought-prone sites, growth of P. radiata 

may be limited by water supply, irrespective of soil fertility. It is a combination of irrigation and 

nutrient supply that yields the species' exceptionally high growth rates. 
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Figure 5.3 - Relations between modelled annual net tree canopy carbon uptake rate (NPP) and tree 

canopy assimilation rate (Ac, closed circles and regression line of NPP = 1.03 Ac - 9.8, ~ = 0.97) and 

net ecosystem carbon uptake rate (NEP, open squares and regression line ofNPP = 0.73 NEP + 4.1, 

~ = 0.94). The three years varied significantly in rainfall (Table 5.1). 
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Although there was only 3 years data, a clear linear relation between Ac and NPP was apparent, 

accounting for 97% of the variation (Figure 5.3, NPP = 1.03 Ac - 9.8, closed circles). The ratio of 

NPP/Ac was nearly constant (0.47 ± 0.02) and only scarcely higher than suggested by Landsberg and 

Waring (1997), who argued that NPP/Ac = 0.45 can be successfully used to account for autotrophic 

respirational C loss in a variety of forests. Nonetheless, more work is required to validate such a 

simplification over the entire lifetime of a forest, and over the entire range of climatic conditions. For 

example, despite the small range encompassed, NPP/Ac increased linearly from 0.45 to 0.50 with 

annual rainfall (r = 0.88) and also -although less decisive- with average temperature (r = 0.55). Over 

shorter integration periods, NPP/Ac seems equally likely responsive to changes in weather when, for 

example, hot and dry spells relatively enhance respiration, while simultaneously canopy conductance 

and Ac are reduced (Aroeth et al. 1998c). 

A direct conversion of short-term Ac into NPP is further complicated by intermediate storage of 

assimilates or the discontinuing sink strength of reproductive parts of the plant (Cannell and Dewar 

1994) which induce a lag between changing Ac and tree growth response. The occurance of 

intermediate storge perhaps resulted in the relation of bi-weekly NPP and Ac being less well defined 

than its annual counterpart (Figure 5.4, NPP = 0.57 Ac - 0.07, r = 0.66). Figure 5.5 illustrates a 

tendency for Ac to continue when tree growth was negligible during winter (June - August). Low 

temperatures decreased sink activity more than assimilation, which in tum results in an increase of 

intermediate C storage (Cannell and Dewar 1994). Utilisation of these storage carbohydrates could 

also explain the ensuing relative acceleration of growth rate in spring (October, November). There 

also was a lag ofNPP compared to Ac evident in the driest period of 1995196 (Figure 5.2, Figure 5.5; 

February - March). For remaining periods however, there was no clear indication of a systematic lag 

between Ac and NPP, thus cumulative Ac and NPP pursued each other over a 720 day period (Figure 

5.5). 

Combining Ac and autotrophic as well as heterotrophic respiration rates (Reco), cumulative NEP 

increased only notably during spring periods (Figure 5.5, October, November) as a result of 

maximum Ac while ~ was below its annual peak (Arneth et al. 1998c). In dry summer conditions, 

when water stress reduced canopy conductance and Ac but, in turn, high temperatures increased ~, 

daily NEP averaged close to zero. Refilled soil water storage in autumn (Figure 5.2) corresponded 

with an increase in NEP. Photosynthesis was then constrained by irradiance and temperature while 

Reco decreased more so with the lower temperatures. Hence, from autumn to early spring the forest 

constantly accumulated C, albeit at a very slow rate. Interannual variation of NEP was also linearly 

related to NPP from the stem diameter and biomass measurements (r = 0.94, Figure 5.3). Stem 

biomass and - volume are a constant proportion of NPP (Table 5.2), correspondingly, the ratio of 



annual NEP and stand stem volume growth rate was also conservative for the three years at 0.24 ± 

0.02. 
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Figure 5.4 - Relation between bi-weekly or monthly modelled tree canopy assimilation rate (Ac) and 

tree net carbon uptake rate (NPP) in a Pinus radiata stand. Tree stem diameter growth rate was 

measured using dendrometer bands, and NPP was determined from it and the allometric relatioriships 

in Table 5.2. The regression line is NPP = 0.57 Ac - 0.07 (r = 0.66). 

Figure 5.5 - Seasonal courses of cumulative modelled tree canopy assimilation rate (Ac' triangles), 

net ecosystem carbon uptake rate (NEP, line) and tree carbon uptake rate (circles) based on the stem 

dendrometer band measurements and the allometric relations in Table 5.2. The model was run and 

the measurements made in a Pinus radiata stand over two years after 1 November 1994. 
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Annual forest carbon and water exchange 

Measured tree growth and modelled C sequestration rates clearly showed a strong constraint by soil 

water deficit. Correspondingly, soil water stress integral SWSI = L [(emax - e) d] (d = 1 at daily time 

step) was adapted from Myers (1988), where emax being maximum field volumetric water content in 

the main rooting zone. A large value of SWSI indicates a high number of days when e was low. 

Exemplifying for the generally strong coupling of available soil water, evapora~on, and air 

temperature via the forest energy balance, a large SWSI also indicates a large number of days with 

high D. All three C uptake processes were inversely proportional to SWSI with linear regressions 

accounting for 99%,98% and 91 % of the variation in NPP, Ac and NEP, respectively (Figure 5.6). 

During the study, interannual climatic ,variability was dominated by summer weather patterns, 

especially by summer rainfall. Consequently, low annual SWSI connotes mostly wet, cool summer 

weather. The observed strong decline of all three C fluxes with increasing SWSI is indicative of how 

soil water availability during a concise summer period fundamentally governs interannual 

fluctuations of C uptake. The somewhat increased sensitivity displayed in the SWSI versus NEP 

relation (slope of the regression = -0.28) illustrates the integrative effect of both increased soil water 

deficit and temperature on NEP: The drier years were also the warmest, and decreasing NEP thus 

blended the limitations in Ac with an increased ~o. 
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Figure 5.6 - Relations between an annual soil-water-stress integral (SWSI) and annual rates of tree 

canopy net carbon uptake (NPP, open circles and regression line of NPP = -0.22 SWSI + 12.2, r = 
0.99), ecosystem net carbon uptake (NEP, open squares and NEP = -0.28 SWSI + 10.8, r = 0.91) 

and tree canopy assimilation (Ae, closed circles and Ac = -0.21 SWSI + 21.4, r = 0.98). The three 

years varied significantly in rainfall (Table 5.1). 
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The utilisation of absorbed quantum irradiance for biomass production (el, g C MJQab;l, McMurtrie et 

al. 1994) was also deleteriously affected by soil water deficit. Annual Qabs varied only by 5%, but el 

varied by 17% up to 0.54 g C Mfl Qabs in the wettest year (using a conversion factor of 0.22 J S-I per 

~mol m-2s-1 measured Qabs). For aboveground NPP, annual el was 0.34 - 0.41 g C Mfl Qabs. Linear 

regressions versus SWSI accounted for 92 % of the variation in el. NEP/Qabs also increased linearly 

with SWSI (~= 0.76) and varied between 0.30 and 0.42. Even in the above-average rainfall year, 

fractional utilization of radiative energy for growth was greatly reduced at Balmoral forest ('" 40%) 

compared to well watered P. radiata sites where above-ground el = 0.7 (Grace et al. 1987a). 

There was a near proportional increase in modelled annual forest evaporation rate (E) per unit 

increase in annual rainfall (Table 5.1). This indicated the importance of non-summer E to annual E 

because summer rainfall varied by a factor of 4 between the driest and the wettest year (64 and 277 

mm, respectively, from 1 December - 31 March)_ Averaged over one year, ground evaporation 

contributed ca. 30% to E and was 158, 127 and 167 mm, respectively. On leaf level, control theory 

postulates stomatal opening evolved to maximise C assimilation per unit water transpired. For the tree 

canopy Etree = E - Eground and the ratio of NPP I Etree indicates the quantity of net C sequestered per 

unit water loss which was conservative at 2.83 ± 0.04 g C kg H20 -I. On ecossytem level however, 

non-stomatal controlled processes like ground evaporation, and respiration from soil heterotrophic 

organisms contribute to the ratio NEP I E. Annual ratios were constant at 1.27 and 1.25 g C kg HP -I 

in the two dry years but increased to 1.48 in the wettest year. The increased NEP I E in the wetter 

year reflected the 277 mm summer rainfall and associated decreased temperature and increased 

humidity. This favoured higher stomatal conductance and Ac' but did not lead to changed E because 

of decreased air saturation deficit. Also, because of the exponential relation between temperature and 

respiration, Reeo decreased considerably during the wetter year. 

Modelled annual C sequestration and evaporation rates for P. radiata stands at the BFG site yielded 

mixed results. The ratio of above-ground NPP I Eb"ee in the control, fertilised and irrigated + liquid 

fertiliser stands was constant (ca. 1.5; above-ground NPP from Snowdon and Benson 1992, canopy 

water use from McMurtrie et al. 1992, their Figure 5.3). However, in the irrigated and irrigated + 

solid fertiliser BFG stands the ratio was considerably smaller at ca. 1 - 1.2 g C kg H20 -1. 

Below-ground processes 

The contribution of heterotrophic respiration (RheJ may be estimated from the difference between 

NPP and NEP (Figure 5.7). For the three years Rhe, averaged 2.4 ± 0.4 t C ha- I
, about 30% of NPP 

and 20% of Reeo. Based on soil chamber and nighttime eddy flux measurements, ground respiration 

(Rg) contributed 80% of~o (Arneth et al. 1998c). These values suggest ca. one quarter ofRg 
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from heterotrophic activity and are somewhat lower compared to estimates of Rho. in other pine 

forests. Based on infrared gas analyser - soil chamber measurements in trenched and untrenched, 

unfertilised plots of Pinus resinosa growing in Wisconsin, Haynes and Gower (1995) suggested Rho. 

(excluding micorrhiza) contributed 51-62% ofRg. Equally based on soil chamber measurements, for 

a Florida Pinus eliotii plantation, Ewel et al. (1987) determined a slightly lower Rho. as 38- 42% of Rg• 

Ac = 17.8 ± 0.8 

~ 
Reco = 11.8 ± 0.5 

NEP = 6.0 ± 1.1 

2.2 ± &?' Rg = 9.5 ± 0.4 

Rhet = 2.4 ± 0.4 

fine root 
turnover = 1.3 

Figure 5.7 - Summary of annual carbon flux densities in the Pinus radiata stand during the three 

year study (t C ha-I a-I, average ± s.d.). Tree canopy assimilation (Ae), ecosystem respiration (R.co)' 

net ecosystem carbon uptake (NEP) and ground respiration (Rg) rates were calculated from the 

biophysical model. Tree above- (ag) and below-ground (bg) net carbon uptake (NPP) and litterfall 

rates were determined from stem diameter growth measurements, and the allometric relations in 

Table 5.2, and tree harvesting, respectively. Derived respiration rates included above-ground 

autotrophic (Rag = Reeo - Rg), heterotrophic (Rho. = NPP - NEP), and root (Rroo. = Roeo - Rag - RhO')' The 

estimation of fine root turnover rate is described in the text. 
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At a clear-cut located ca 2 krn south-east of the study site, and where all the tree roots had died, 

Arneth et al. (1998a) estimated annual Rhet to be greater at 3.7 and 4.4 t C ha-I a-I depending on 

rainfall. Soil type and physical properties are similar at the two sites (Arneth et al. 1998a,b), as is 

potential soil microbial activity, determined from controlled laboratory incubations (DJ Ross, pers. 

comm. 1996). However, a significant number of additional factors prevent a direct comparison of 

modelled annual Rhet at the two sites: At the clear-cut a 'pumping effect' induced by air turbulence 

enhanced significantly soil CO2 efflux when the surface was wet. This turbulence effect was 

undoubtedly drastically reduced in the forest, where momentum was mostly absorbed by the canopy. 

Further, daily and annual soil temperature (Ts) fluctuations in the forest were damped compared to 

the clear cut because both, radiation input - and loss were reduced beneath the canopy. For example 

during 1994/95, modelled average forest Ts over 0.3 m was 0.6 °C cooler than in the clear-cut. Soil 

water content also differed between the sites. In the forest root water uptake contributes to the 

depletion of soil water storage while small rainfall events will be mostly intercepted by the canopy. 

Finally, differences in Rhet might also be attributable to root exudates, micorrhizal activity and 

constant fine root turnover. These processes suggest a more constant C supply for soil microbes that 

is largely absent in a clear-cut where the roots had died. 

The annual values ofNEP and NPP can also be utilised to derive a 'best-guess' estimate of the 

annual below-ground C turnover rate, assuming annual changes in the soil C content negligible 

(Figure 5.7): In a closed canopy forest, without major disturbances and for this purpose neglecting 

climate-induced variability, an increase in ecosystem C is due mainly to an increase in the storage in 

biomass (above-ground and coarse roots). Assuming no net accumulation of litter on the ground, Rhet 

must then equal the rate of C input into the soil contributed by root-exudates, fine root turnover and 

litter fall. In our stand, current-year leaf production averaged 4.5 ± 0.6 t ha-I a-I (Tables 5.1 and 5.2). 

Total leaf biomass increased by 2.1 ± 0.2 t ha-I a-I, and dead leaf biomass remaining on the trees was 

measured as ca 10% of total. The difference between these rates suggests a litter fall about 50% of 

production (2.2 t ha-I = 1.1 t C ha-I). Combined with Rhet = 2.4 t C ha-I a-I, the annual fine root 

turnover and root exudation rate was an estimated 1.3 t C ha-I or '" 15% of average annual NPP. This 

may be compared to estimates of fine root NPP from regressions, using annual minimum temperature 

and precipitation rates as independent variables, based on a review of the available pine forest data in 

Vogt et al. (1996). Using annual minimum temperature = -7.8 °C and precipitation rate = 660 mm a-I 

at Balmoral forest (NZ Met. Service 1983), fine root NPP was 1.3 and 1.9 t C ha-I a-I, respectively. 

Considering the crude nature of our calculation and inclusion of many assumption, these two values 

from the literature are remarkably corroborative. 
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Conclusions 

Annual forest C fluxes Ac' NPP, and NEP in the water limited environment were closely associated, 

and interannual variations could be successfully explained by an integrative measure of soil water 

storage. A conservative ratio of NEP / NPP and NEP / stem volume growth emerged. Because of its 

great commercial value, most countries possess extensive collections of forest yield data that relates 

stem volume growth and tree age, but there are only a few credible estimates of annual net C 

sequestration rate for forests. A conservative ratio of NEP / volume growth can facilitate the 

estmation of NEP from stand volume growth. However, further studies are required to identify if and 

how site conditions and forest management affect this ratio. 

Data of whole forest-atmosphere C exchange coupled with mensurational tree-growth data could 

convey additionally valuable information on C sequestration processes in forest ecosystems: 

Firstly, from knowledge of Ac and NPP, autotrophic respiration can be estimated, and was remarkably 

constant at 47% of annual Ac in the dryland P. radiata plantation. Over shorter integration periods, 

our data suggests a higher degree of variation in Ac / NPP which agreed broadly with present 

understanding of intermediate plant C storage. Secondly, the knowledge ofNPP and NEP allowed for 

an estimation of heterotrophic C loss, which was a significant property ofNPP (::::30%). This C flux 

must unquestionably be accounted for in annual C balances of forest ecosystems, but is difficult to 

derive solely from tree growth measurements. Thirdly, assuming negligible changes in net soil C 

storage within one year an estimate of fine root turnover from data on litter-fall, NPP and NEP was 

possible. 



CHAPTER 6: GENERAL DISCUSSION, AND RECOMMENDATIONS FOR FUTURE 

RESEARCH 

Is forest-atmosphere exchange of water and CO2 at Balmoral Forest really soil water 

limited? 

'A rather pretentious question' one might think, as -
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Firstly, the eddy covariance measurements of forest - atmosphere carbon and water exchange rates 

clearly conformed to a seasonality corresponding with the course of soil moisture deficit during 

summer. The sharp drop of daily FC02 from its spring maximum to summer minimum, when 6/6max < 

0.4 (e.g. 324 ± 94 mmol m·2d·! in November 1994 vs. 46 ± 153 mmol m·2 d'! in January 1996, Table 

3.1), defied the otherwise expected increase of photosynthesis with day length and temperature. 

Moreover, Fmax, E, Gsmax and Gemax also declined considerably during hot and dry periods. By contrast, 

in winter when days were short and cool but 6 = 6max, FC02 was similar -if not higher- in magnitude 

than during summer, and conductances were only just below their maxima. 

Secondly, when the soil was dry, a decreasing influence of Qabs on FC02 was evident: The hyperbolea 

describing the relation between half hourly FC02 and Qabs' and Ge and Qabs became increasingly 

scattered (Figures 3.5, 4.2). Further, for 6 < 6e variation in daily FC02 was independent of daily Qabs 

(Figure3.7) and daily maxima of Ge exceedingly dropped below the annual springtime optimum. 

On the other hand, the air saturation deficit seemed also to exert a strong influence on Ge, Ae and 

FC02' With increasing D, FC021 E and Ge declined linearly, apparently independent of 6. When 6 < 6e, 

FC02 and FC02 I Qabs were also inversely proportional to D (Figure 3.7). Additionally, separate analysis 

of photosynthesis and respiration demonstrated that the decline of FC02 in dry summer weather was 

not solely caused by high D and low 6 causing a reduction of Ge and Ae. It was considerably 

amplified by the increase in ~o attributable to the associated warm temperatures (Figure 3.4). Thus 

the question arises whether -compared to the impact of D and T - soil moisture deficit is as matter-of

fact only of relatively minor importance in the observed seasonal and interannual variation of 

ecosystem carbon and water fluxes. 

The answer to the posed question is in fact no - on the contrary, the results comprised in this thesis 

rather enforce a multiple impact of soil water deficit on ecosystem-atmosphere exchange, which 

surpasses the primary effect of limiting root water supply for evaporation and reducing canopy 

conductance. In a drying soil, reduced evaporation rates also inevitably lead to increased allocation of 
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sensible heat flux, and in tum to rising air temperature and saturation deficit. This feedback 

essentially allows the establishment of high D, which then notably intensifies the constraints imposed 

solely by e on Gc and (via CO2 diffusion) on Ac. Similar conclusions are valid for the promotion of 

respiration due to the co-occurrence of dry soil and high air temperatures. 

The success of reproducing canopy photosynthesis over a wide range of conditions using the current 

understanding of leaf-level processes was encouraging. This has not been demonstrated to a similar 

extent over prolonged summer droughts. Although empirical, an improved treatment of Ac was 

achieved by adapting the approach of King and Ball (1998) for modelling frost effects. Considering 

the relative importance of Fc02 at Balmoral Forest, especially in dry years, accurate accounting for 

frost effects seems mandatory in evergreen habitats. A lack of suitable data unfortunately prevented a 

thorough testing of the frost sub-routine. This is perhaps one of the shortcomings of 'campaign' 

measurements - the wintertime eddy covariance campaign in July 1995 simply did not include 

suitably cold nights. However, the modelled Ac complied to the general understanding of frost effects 

on plants including a relatively stronger and longer lasting influence of freezing air temperatures on 

Ac in unhardened plants. 

Most published eddy covariance studies have neglected an explicit discussion of Reco. This study 

showed a dynamic day-to-day variation in Reco that was of a similar magnitude to that of Ac (Figure 

4.7). Arguably, this dynamic behaviour is an imperative of the exponential temperature response such 

that particularly in warm weather small changes in T translate in a large response in Reco. Exponential 

models have been used successfully in many studies, and for this study it was corroborated by eddy 

covariance and chamber flux data. The processes of autotrophic growth- and maintenance-, and 

heterotrophic respiration and the constraints thereof were subsumed in the simple Reco and Rg models. 

Nonetheless, the varying contributions are recognised. For example, the study in the clear-cut 

demonstrated for example how the contribution of microbial respiration to Rg (and Reco) is likely to be 

negligible during dry summer weather. By contrast during winter, root respiration is impeded by low 

temperatures and restricted growth so that Rg originates mostly from heterotrophic organisms. The 

clear-cut study illustrated the complexity of environmental constraint whereby air turbulence 

enhanced soil efflux of CO2 through a purely physical effect than probably did not affect 

heterotrophic activity. In this way, this effect was unlikely beneath the forest canopy studied though it 

may occur beneath widely-spaced canopies or in younger open stands. These observations 

demonstrate the value of more mechanistic analyses of Reco. 

In combination with eddy flux data, the tree growth measurements proved valuable for determining 

the component rates of Reco. Autotrophic respiration rate (from Ac - NPP), was nearly 50% of 
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photosynthetic C uptake rate (Table 5.1). The fraction attributable to Rhet ",0.3 NPP, "'0.2 ~o and 

"'0.4 NEP was also significant. A dynamic equilibrium assumption gave an estimate of the annual 

fine root turnover as "'0.15 NPP and "'0.1 Rcco(Figure 5.7). These calculations demonstrate the value 

of multi-faceted studies including micrometeorological and tree biomass and growth measurements. 

The clear-cut data demonstrates the significance of disturbance on carbon fluxes. Following tree 

harvesting, modelled Rhet was (opposite in signs but) equivalent to 0.6 and 0.7 ofNEP in the forest 

studied during wet and dry years, respectively. In managed forests, a significant area will always be in 

a state of disturbance following harvesting and planting. In a natural, unmanaged forest, disturbance 

is prevalent by destructive forces such as fire, wind, or herbivory. The direct comparison of fluxes of 

measured at two stages of growth in a dynamic forest is thus an important step forward to a better 

understanding of the carbon cycles in ecosystems. 
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In short, the main findings of the thesis are: 

~ FC02 and E exhibited a pronounced seasonality with highest rates in spring when 8 was plentiful 

and T, D and Q.bs were favourable for tree photosynthesis and transpiration. During summer, a low 8 

and high D and T reduced Fco2 and E significantly. After 8 was replenished in winter, exchange 

rates were similar or higher than measured in summer. 

~ A synergistic role of the progressively drying soil was apparent in the shift of Fco2 and Gc from 

predominantly Q.bS - regulated to predominantly D - regulated. 

~ The evergreen habit of P. radiata when growing in areas with mild winters allowed for a 

significant amount of annual NEP during winter, particularly in dry years. 

~ On an annual basis, Ac' NEP and NPP were tightly linearly related. The bi-weekly data were 

different, because of lags between Ac and tree growth consistent with current understanding of 

intermediate plant C storage. 

~ For most of the year, C uptake was limited by Q.bs rather than by 8 or D. However, annual Ac' 

NEP and NPP were tightly related to an integrative measure of 8. The reason was interannual 

variation of rainfall and 8 by far exceeded that of Q.bs. 

~ ~o was a highly dynamic flux that emanated mostly from below-ground with ca 25% attributable 

to heterotrophic activity. The combination of eddy flux and tree growth data allowed also for an 

estimate of fine root turnover rate, equivalent to about 15% of annual NEP. 

~ For the first time, eddy flux and tree growth measurements and models were combined to quantify 

the proportionality between NEP and stem volume growth rate. 

~ In a clear-cut forest, static pressure changes significantly increase CO2 efflux from the ground 

when the soil surface is wet (Le. when the CO2 source was located close to the surface) 

~ Annual Rhet from a recently harvested clear-cut amounted to about two thirds of annual NEP in the 

nearby forest. Fluxes associated with all developmental stages need to be considered. to derive 

accurate C budgets of forested regions. 
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Identified research-needs 

1) Although 'upscaling' of cellular photosynthetic biochemistry to whole canopy physiology was 

shown to be possible in this thesis, many responses to abiotic factors remain poorly investigated on 

cellular level. For example, the response of transcription and activation of Rubisco (and other 

enzymes) to long term drought or other environmental stresses is unknown. Consequently a deeper 

understanding of carbon and nutrient fluxes on cellular and plant level is required in order to develop 

a better mechanistic analysis of ecosystem carbon flux processes. 

2) Analysis of flux data analysis needs to focuss equally on respiration and assimilation. In this study, 

the two fluxes were equally dynamic and important. The goal of this recommended research is to 

develop a more mechanistic understanding of the processes involved and better account for the 

components of respiration in ecosystem models. 

3) Measurements in ecosystem flux studies should include vegetation growth on a seasonal basis. 

This thesis showed how such a combination of data can be used to quantify carbon fluxes within 

ecosystems. 

4) A wider recognition of the significant contribution of all developmental stages to the net quantity 

of carbon taken up by ecosystems is necessary. Flux measurements are needed in disturbed, non

equilibrium-state ecosystems like the clear-cut in this study. 
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APPENDIX 

APPENDIX I: Temperature dependence of parameters used in the canopy photosynthesis model 

(For parameter values see Tables A 1 and 4.1): 

K.: and K., are assumed to follow a Arrhenius-type relationship (Kirschbaum and Farquhar 1984, 

Harley et al. 1986, Lloyd et al. 1995 a,b): 

E T 
[~(l--')l 

K = K e R T, Tn;, 
e,o c,o-r 

where 

Ee.o: activation energies for K.: and Ko (kJ mol-I) 

R = universal gas constant (8.314*10.3 kJ mol-I) 

Tr = reference temperature (293.3K) 

T air = air temperature (K) 

K e•o-r = K e•o at T r 

The temperature-dependence of r* was such as in Brooks and Farquhar (1985): 

where 

r*r = r* at reference temperature and Y 1.2 are empirical constants 

(AI) 

(A2) 

V emax and Jmax vary identically with temperature (Farquhar et al. 1980, Leuning 1995): 

(A3) 

Xmax = instantaneous Jmax or Vemax; the subscript or' refers to their values at reference temperature 

EJ•v = energy of activation 

HJ•v = energy of deactivation 

SJ.v = entropy term 
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Plant photosynthesis after night frosts is reduced following King and Ball (1998). In principle, they 

accounted for a short-tenn reduction of quantum yield (a), and Jmaxr and Vcmaxr depending on the 

minimum temperature in the previous night (T min), but additionally included a routine for adaptation 

offrost-hardiness as well as long-tenn effects offrost-damage. 

T hard' the capacity of plants to survive frosts, is calculated as 

where 

T hard = T hardp + c (T stat -T hardP) 

Tstat = a + b [Tnight + P (tday - 12)] 

'p' = previous day's values 

T night = average night temperature 

tday = sunshine hours 

P = 1°C h-1
, converts seasonal shifts in daylength to equivalent T shifts 

a, b, c = species-specific parameters 

(A4) 

(A5) 

We defined limits for Thard for P. radiata ranging from -5°C to -12°C (Grace et al. 1991). We further 

adapted values for a, band c from King and Ball (1998) thus assuming a similar time-course of 

hardening and dehardening as Eucalyptus (Table AI). Short-tenn cumulative effects of night frosts 

on et (fca) and photosynthesis (fcA) are calculated from 

where 

fCA= fA (fcAp + 0.2) for fcAp < 0.8, otherwise fCA = fA 

fca = fa (fctip + 0.2) for fcap < 0.8, otherwise fca = fa 

fA = 0.5 [ 1 + sin (n (Tmin -Thard)fTrange)] for Thard + 0.5Trange > Tmin > Thard - 0.5Trange 

fA = 0 for Tmin .::; Thard - 0.5 Trange, otherwise fA = 1 

Trange = temperature range from onset of frost impacts to canopy death (7°C) 

fa = fAd for fA ~ 0.5, otherwise fa = fAI d with d = 1.5 for dense canopies 

Long-tenn frost impacts (flong) are modelled from 

flong = faxp for fa < 1, and flong = 0.01 +0.99flongp for et = 1 (xp = 0.15) 

and short and long-tenn impacts combined reduce photosynthesis as 

etf = fcaflong et 

J maxrf = fCA flong J maxr 

(A6) 

(A7) 

(A8) 

(A9) 

(A10) 

(All) 

(AI2) 

(A13) 
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Although in woody plants frost effects are localized in the chloroplast (Bauer et al. 1994), the linear 

relation between photosynthesis rate and stomatal conductance remains its slope independent from 

frost hardening state (Bauer et al. 1994). During winter, we consequently also reduced canopy 

conductances proportional to the reduction in photosynthesis. 

APPENDIX II 

Water balance sub-routine 

In order to run the parameterized canopy conductance/photosynthesis model for an entire year a water 

balance sub-routine was used to determine the O.3m soil water storage. The water balance utilizes 

meteorological data from the forests' fire station ca.5km south-east of the eddy flux study site. It 

simulates soil water storage WI (volumetric water content, e, multiplied by the depth of soil, in units 

of mm) at a given time t; key parameters required are antecedent storage (WI-I)' and the average rates 

of throughfall (precipitation - canopy interception, tf), drainage (dr), and canopy and ground 

evaporation (Ee' Eg) over the time step from t-l to t (.6.t, 1 h, Arneth et al. 1998a): 

(A14) 

Measurements of precipitation at the eddy-flux site compared to the forests' fire station site revealed 

a steep rainfall gradient. Precipitation was therefore estimated to increase by 60% towards the eddy 

flux site. Throughfall throug~ the canopy was estimated as 75% of precipitation (Whitehead and 

Kelliher 1991), reduced by further 10% to account for interception by a ca. 0.05 m deep layer of 

needle litter underneath the tree crowns. The model consists of 2 'buckets' with throughfall first 

replenishing the amount of water lost by evaporation over 0.3 m until the maximum water holding 

capacity is reached (0.24 m3 m-3 at a fine earth bulk density of 0.95 and a volumetric stone content of 

31 %, Dr. John Claydon, pers. comm. 1997). Excess water drained to depths below 0.3 m. 

R. (Wm-2
), necessary to calculate Eg (eq. 4.6) was estimated from incident quantum irradiance (Q, 

Ilmol m-2s- l
) as 0.33 Q - 18.4 (r= 0.90). Throughout the year, the percentage of Q absorbed by the 

canopy varied somewhat with solar declination (dec) and was calculated from Qabs = 0.43 sdc + 77.3, 

r = 0.8, Q.bs in %). This simplification is based on our measurements, and is only valid in a closed 

canopy with insignificant changes in canopy leaf area. 

To test the water balance sub-routine, e over 0.3 m depth had to be estimated. Eg was taken entirely 

from this depth. Tree evaporation is calculated using the Penman-Monteith equation. The proportion 
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of canopy evaporation originating from 0.3 m was unknown and its estimation involved some 

judgement: From observations during a coarse root biomass harvest in July 1995 roots were confined 

to 0.5 m soil depth. Root biomass exponentially declines with soil depth (Jackson et al.1996) but this 

is not neccessarily indicative for exponential root water uptake. On average, we could simulate e 
successfully with 65% of daily evaporation originating from the top 0.3 m (Figure AI). 

Soil temperature sub-routine 

Ts (soil temperature over 0.3 m) which defines ground and ecosystem respiration (see eq. 4.7) was 

calculated as 

Ts = TsOave + Aso e-zldd sin (w t - z / dd) (AI5) 

where Tsoave is the average daily soil surface temperature (Tso), Aso is the daily amplitude of Tso, dd is 

the damping depth, and w is the angular frequency (21t/24 h). t = 0 when Tso = Tsoave and is 

increasing. dd for the forest soil was 0.08 m, a similar value was found in a nearby clear-felled site 

(Ameth et al. 1998a). We used measured soil temperature in 10 mm depth as indicative for the soil 

surface temperature and calculated Tso was from air temperature via two linear equations for night 

and daytime conditions, established during the eddy flux measurements: 

Tso = Tair + 2.5 

Tso=l.1 Tair +0.15 

Tso=O 

for Q~ 0, r = 0.76 

for Q > 0, r = 0.69 

for Tair < 0 

(AI6) 

With most of the forest floor shaded by the tree canopy there was no difference for daytime 

calculations under cloudy and clear-sky conditions (Ameth et al. 1998a). 
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Figure Al- A: Daily measured and modelled ecosystem evaporation (E) in the dryland Pinus radiata 

forest. Modelled data are derived using eq. 4.6 and the canopy conductance model (eq. 4.5) in 

combination with the Penman-Monteith equation. 

B: Comparison of daily measured and modelled soil water content (8) over 0.3 m. The 

measurements are averages ± sd from gravimetric and TDR data (eq. A 14) 

C: Comparison of measured and modelled daily average soil temperatures (Ts). Temperatures are 

averages from 0.01, 0.1, 0.2, 0.3 m (eq. A15, A16) 
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Table At- Literature-derived parameter values used in the canopy assimilation model (eqn. 4.1- 4.3, 

AI-A13). For further explanation of the single parameters please refer to the text. 

symbol value and description source 

r* r 34.6 Ilmol mot!, CO2 compensation point at Tr Leuning 1995 

Yl 0.0451, empirical parameter Leuning 1995 

Y2 0.000347, empirical parameter Leuning 1995 

Ej 46.33 kJ mol-!, activation energy for Jmax Walcroft et al. 1997 

Ey 52.67 kJ mol-), activation energy for Vemax Walcroft et al. 1997 

Hj 198.92 kJ mol-), de-activation energy for Jmax Walcroft et al. 1997 

Hy 206.08 kJ mol-), de-activation energy for Vemax Walcroft et al. 1997 

Sy= Sj 0_65 kJ mol-)K), entropy-term Walcroft et al. 1997 

Ee 59.67 kJ mol-), activation energy for T -dependence of Ke Walcroft et al. 1997 

Eo 36.0 kJ mo}") , activation energy for T-dependence of Ko Harley et al. 1986 

Tr 293.3 K, reference temperature Walcroft et al. 1997 

Ke 302 Ilmol mol-), Michaelis-Menten constant for Rubisco Leuning 1995 

carboxylation 

K o 256 Ilmol mol-), Michaelis-Menten constant for Rubisco Leuning 1995 

oxygenation 

Thard capacity to survive frosts, -5°C < Thard < -12°C King and Ball 1997 

a,b,c,d,xp parameters defining short - and long-term frost response; King and Ball 1997 

a= -26.5, b = 3, c = 0.02, d = 1.5, xp = 0.15 
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