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1. Overview of the global carbon cycle 

Carbon (C) on Earth is distributed among four major pools: the atmosphere, oceans, land (soils and 

vegetation) and sediments and rocks (IPCC 2007, Fig. 1).  

Atmospheric carbon, which consists primarily by CO2, is the smallest but most dynamic of these pools 

since it is completely replenished every 3-4 years primarily through its removal by photosynthesis and 

return by respiration.  

In the oceans C is present the form of dissolved organic and inorganic carbon and particulate organic 

carbon, which consists of both living organisms and death material. Most of the carbon is in inorganic 

forms which are in a pH-dependent equilibrium. The marine biota account for only 3 Gt of C, but they 

cycle a comparable amount of carbon as do terrestrial ecosystems (Fig. 1, IPCC 2007).  

The terrestrial biosphere contains the largest biological reservoir of carbon (Chapin III et al., 2002). 

There is nearly as much C in the terrestrial vegetation as in the atmosphere, while C in soils is twice as 

much as in the atmosphere. Terrestrial plant C has a turnover time of about 11 years, compared to 2 to 

3 weeks in the oceans and an average time of  25 years for the C in soil. These average turnover times 

mask large differences among the diverse components of the carbon cycle. Photosynthetically fixed C 

turns over on a time scale of seconds trough photorespiration. Leaves and roots are replaced over 

weeks to years and the turnover of wood takes decades to centuries. Components of soil organic matter 

also have quite different turnover times, with labile forms being respired within minutes and humus 

having a turnover times of decades to thousands of years (Chapin III et al., 2002). 

Carbon in rocks and surface sediments account for well over 99% of Earth´s carbon (Schlesinger, 1997), 

but cycles of this pools are extremely low, being governed by geological processes associated with the 

rock cycle which has a turnover time of millions of years. 

Anthropogenic activities play a significant role on the global carbon cycle, contributing in increasing the  

atmospheric carbon pool mainly through the combustion of fossil fuels, the release of CO2 from 

carbonate rocks during cement production, through the biomass burning and the decomposition 

consequent to land use conversion. Together, this three fluxes have a magnitudes of about 6 to 7 Gt C y-
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1, making the human activities the third largest biotically controlled flux of C to the atmosphere (Chapin 

III et al., 2002, Houghton, 2007) 

  

2. Atmospheric CO2 and climate change 

Atmospheric CO2 has changed dramatically in Earth´s history, and concentration greater than 3000 

ppmv likely have occurred several times in the last hundred of million years. Carbon dioxide 

concentrations have also been below 300 ppmv, starting from 20 million years ago and most recently 

just before the beginning of the Industrial Revolution, 150 years ago (Pearson and Palmer, 2000; 

Siegenthaler et al., 2005). Although there is still disagreement on what was the most significant control 

factors on CO2 concentration over long time scale, it is hypothesized that abrupt changes are mainly 

caused by geological forces which altered atmospheric CO2 inputs, with process such as volcanism and 

hydrothermal outgassing, and outputs, through processes such as weathering of silicate minerals and 

limestone formation or organic carbon burial (Pearson and Palmer, 2000; Chapin III, 2002). 

Burning of fossil fuels returns C captured by plants in Earth´s geological history to the atmosphere (IPCC, 

2007). New ice core records show that the Earth system has not experienced current atmospheric 

concentrations of CO2, as well as other green house gasses (GHG), for at least 650 000 years, that is  six 

glacial-interglacial cycles. During that period the atmospheric CO2 concentration remained between 180 

ppmv (glacial maxima) and 300 ppmv in warm interglacial periods (Sigman and Boyle, 2000; Siegenthaler 

et al., 2005). It is generally accepted that during glacial maxima, the CO2 removed from the atmosphere 

was stored in the ocean. Several causal mechanisms have been identified connecting CO2 and other 

greenhouse gases concentration to astronomical, climate, ocean circulation and temperature changes, 

to biological productivity and nutrient supply, and to interaction with ocean sediments (Sigman and 

Boyle, 2000). Anthropogenic emissions have caused atmospheric CO2 to increase exponentially since the 

beginning of the industrial revolution (Friedlingstein et al., 2010; Peters et al., 2011). CO2 increase 

causes an increment of the greenhouse potential of the atmosphere (IPCC, 2007) and makes the 

emissions of CO2 the main contributor of anthropogenic climate change (Friedlingstein et al., 2010). 

To balance the incoming radiation from the Sun, the Earth must, on average, radiate the same amount 

of energy to the space and, because of its temperature, it radiates at much longer wavelengths, 

primarily in the infrared part of the spectrum. Much of this thermal radiation emitted by the land and 
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ocean is absorbed by the atmosphere, including clouds, and reradiated back to the Earth, causing the so-

called green-house effect (IPCC, 2007). Greenhouse effect comes from molecules that are more complex 

and less common respect to the two most abundant gases in atmosphere (N2 and O2). Water vapor is 

the most important greenhouse gas, followed by CO2 and then by other gases such as methane, nitrous 

oxide, ozone and several others present in small quantities in the atmosphere but contributing to the 

total greenhouse effect.  

 

3. The role of terrestrial ecosystems 

A comparison between the annual increment in carbon content of the atmosphere and the known 

emissions shows that only about half of the anthropogenic C that is emitted to the atmosphere remains 

there. The remaining part is taken up on land or in the oceans and it is referred as the “missing sink” 

(Schimel, 1995; Chapin III et al., 2002).  

Four processes control the uptake of carbon by the world´s oceans: the ocean´s carbon chemistry, the 

air-sea exchange, the mixing between surface and deep waters, and ocean biology (Houghton et al., 

2007). The mechanisms responsible for carbon sinks on land are not as clear as they are for the oceans, 

and two competing mechanisms have been hypothesized:  

• Physiological or metabolic factors affecting rates of photosynthesis, respiration, growth and 

decay; 

• Changes in land use, or management, affecting the mortality of forest stands, the age structure 

of the forests and hence their rate of assimilation or release of carbon. 

The first mechanism implies an interaction effect among several factors that may cause an imbalance 

between photosynthesis and the release of carbon through respiration which is supposed to lead to an 

increase in carbon storage. This factors include: a) the CO2 fertilization effect, with several studies 

reporting an increase in photosynthesis and water use efficiency at high CO2 levels (e.g. Luo et al., 2006); 

b) the Nitrogen fertilization effect, with the increase of biologically active forms of nitrogen due to huma 

activities expected to increase net primary production and, hence, terrestrial carbon storage (Magnani 

et al., 2007; Elser et al., 2007; deVries et al., 2009); c) the climate change, with warmer temperatures 

and changes in soil moisture that may favor an increase in productivity and carbon storage especially at 

high latitudes (Myneni at al., 1997; Houghton, 2007). However, due to the close interconnection of 
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these processes, it is extremely difficult to attribute the missing sink effect to a single or a combination 

of these factors (Hyvonen et al., 2007). Moreover, terrestrial sinks also result from the recovery of 

ecosystems disturbed in the past (Schimel et al., 2000) and up to date there is a lack in the investigation 

of the combined effect of these two classes of mechanisms: the effects of changing environmental 

conditions have been ignored in analysis of land use change, and physiological models have generally 

ignored changes in land use (Houghton, 2007). 

Plant ecophysiology is the experimental science which aims to provide causal, mechanistic explanation 

for ecological question relating to survival, distribution, abundance and interactions of plants with other 

organisms and environmental factors, including questions originating from agriculture, horticulture, 

forestry and environmental sciences. Techniques that measures the microenvironments of plants, their 

water relations and their pattern of carbon exchange became typical tools in plant ecophysiology 

(Lambers et al., 2008). 

The eddy covariance techniques is the most widely used and accepted method to continuously measure 

CO2, water and energy exchange between atmosphere and a plant canopy. Nowadays, more than four 

hundred eddy-covariance sites are recorded as active worldwide, providing defensible estimates of 

carbon exchange over a wide range of ecosystems (Baldocchi et al., 2003, Luyssaert et al., 2007, 

FLUXNET). An overview of the basic principles and assumptions of the eddy covariance methodology is 

given in box 1. 

To my knowledge, no eddy covariance site has been established in an apple orchard and only few papers 

report the use of such technique in fruit tree ecosystems (Rossi et al., 2007; Testi et al., 2008, Navarro et 

al., 2008). Agricultural ecosystems are estimated to be the largest source of carbon lost to the 

atmosphere in Europe each year (Janssens et al., 2003) although cropland estimates are the most 

uncertain among all the land-use type (Smith, 2004). Ciais et al (2010) substantially revised this 

statement reporting a more neutral role of croplands in carbon emission but confirming that the 

sequestration of carbon in soils per unit of input is much less efficient in croplands than in other biomes 

such as grassland and forests, possibly as a result of soil tillage.  A conceptual model illustrating C fluxes 

in agroecosystems is presented in figure 2. 
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Box 1 
Overview of the eddy covariance methodology 

 

The Earth´s surface has a dominating influence on the lowest 100 to 3000 m of the atmosphere, creating 
the so called boundary layer: a relatively shallow portion of air with rather peculiar characteristics 
respect to the free atmosphere. The boundary layer may be defined as that part of the troposphere that 
is directly influenced by the presence of the Earth´s surface, and responds to surface forcing with a time 
scale of about an hour or less (Stull, 1988). It is the ground that, warming and cooling in response to the 
solar radiation, forces changes in the boundary layer causing transport processes such as wind, 
turbulence and wave. The occurrence of turbulence near the ground, very effective in transporting 
material, is one of the characteristics that make the boundary layer different from the rest of the 
atmosphere. Turbulence can be visualized as consisting of irregular swirls of motion called eddies, which 
have different size and are superimposed each other. The relative strengths of these different scales 
eddies define the turbulence spectrum (Stull, 1988). 

The eddy covariance technique samples these turbulent motions to determine the net difference of 
material moving across the canopy-atmosphere interface (Fig. 1). In practice, this task is accomplished by 
statistical analysis of the instantaneous vertical mass flux density using Reynolds rules of averaging. The 
product of this operation is a relationship that expresses the mean flux density of CO2 (F, µmol m-2s-1) 
averaged over a time span (usually 30 or 60 minutes), resulting from the covariance between 
fluctuations in vertical velocity (w) and the CO2 mixing ratio (c = ρc / ρa where ρa is air density and ρc is 
CO2 density (Baldocchi, 2003)): 

´ ´aF w cρ= ⋅        (1) 

Where the overbars denote time averaging and primes represent fluctuations from the mean (i.e.

´w w w= − ). For a micrometeorological convention, a positively signed covariance represent net CO2 

transfer into the atmosphere, and a negative value denotes the opposite. 

Eddy covariance is commonly used to measure sensible heat, latent heat and carbon exchange between 
a specific land surface and the atmosphere. In the case of assessing turbulent transfer of CO2, the 
conservation equation is used to deduce the exchange of carbon in and out of the plant–soil system on 
the basis of eddy covariance measurements made in the surface boundary layer a few meters above the 
plant canopy. Since turbulence fluctuations occur very rapidly, measurements require sophisticated 
instrumentation: changes in concentration, density, temperature and wind velocity are often small and 
need to be measured very fast and with great accuracy (Burba and Anderson, 2011). 

In practice, several assumptions are made in the Eddy Covariance method. First, over flat and vast 
spaces, density fluctuations are safely assumed negligible. Secondly, the mean vertical flow is assumed 
negligible for horizontal homogeneous terrain so that the classical equation for eddy flux (eq 1) is true. 

Older instruments usually do not measure mixing ratio (c´) so another assumption is made in the 
practical formula: 
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´ ´c cF w ρ=         (2) 

That is eq 1 is assumed to be equal to the mean covariance between deviations in instantaneous vertical 
wind speed and gas density. Fc may then be corrected for heat and water vapor density fluctuations 
(WPL, Webb et al., 1980; Leuning, 2004). Other assumptions regards the fact that measurements at a 
point are assumed to represent an upwind area, measurements are assumed to be done inside the 
boundary layer of interest and fetch and footprint are assumed to be adequate, so that flux is measured 
only from the area of interest. The degree to which these assumptions hold true depend in part on 
proper site selection and experiment setup, and in part on atmospheric conditions and weather 
(Montagnani et al., 2009; Burba and Anderson, 2011). 

Flux measurements are affected by several types of errors which needs to be properly corrected. A 
complete treatment of errors is outside the purposes of this box, however it is worth to mention that 
there are two families of errors: the first is called frequency response errors and the second which 
includes errors due to time delay, spike and noises and unleveled instrumentation. 

 

Figure 1. Cartesian control volume placed over a vegetates surface (from Leuning, 2004). 
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4. General objectives of the thesis 

Despite the large amount of information obtained through continuous eddy covariance measurements 

on natural ecosystems, less knowledge is available for intensively managed ecosystems, particularly 

woody-agroecosystems, although some cropping system may assume great importance especially at 

regional scale (Rossi et al., 2007, Testi et al., 2008). Application of this micrometeorological approach on 

agricultural stands may be of great help in understanding not only the patterns of agro-ecosystems 

carbon fluxes, but also their physiological response to environmental parameters and human 

management practices, thus favoring the transition of agricultural sector toward a higher degree of 

sustainability. 

In the present study, an apple orchard located in the Province of Bolzano (Italy, Fig. 3) was investigated 

with ecophysiological and micrometeorological approaches. Eddy covariance measurements were 

carried out for three years (starting in march 2009) and were supported by soil respiration and biometric 

measurements. 

The experimental part of the present work is divided in two chapters (chapter 2 and 3). The main 

objectives of the first part (chapter 2) are to assesses the magnitude of the carbon fluxes of the apple 

orchard and compare it with those of natural deciduous forest growing in similar environmental 

condition, using carbon use efficiency as a comparison index. The differences in the C allocation pattern 

are also analyzed. In the second part (chapter 3), objectives are to quantitatively assess the carbon 

exchange fluxes of the apple orchard at different time scales (daily, seasonal and interannual), to 

partition the net carbon exchange, between its downward (photosynthesis) and upward (ecosystem 

respiration) components and assess the influence of the main environmental and physiological 

parameters on the daily values of the three C fluxes. 
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FIGURE captions 

 

Figure 1. The global carbon cycle: the natural or unperturbed exchanges (estimated to be those prior to 
1750) are shown in black arrows; red arrows represent “anthropogenic” fluxes (from IPCC, 2007). Data 
of stocks and fluxes are in Gt C y-1 (1 Gt = 1 Pg = 1015 g). 

Figure 2. Conceptual model of the main ecosystem carbon fluxes (adapted for fruit agro-ecosystem from 
Buchmann and Schulze, 1999). The literal meaning for the common acronyms is also shown. 

Figure 3. and geographical location of the experimental orchard where measurements were carried out. 
The apple production area in the Alto Adige Province is shown in the upper map. 
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Fig. 3 

Apple production area
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Net primary productivity, allocation pattern and carbon use efficiency in an 
apple orchard assessed by integrating eddy-covariance, biometric and 
continuous soil chamber measurements  
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1. INTRODUCTION 

Global greenhouse gas (GHG) concentration in atmosphere has been growing since pre-industrial times 

due to anthropogenic forcing, in particular fossil fuel combustion and land use change (Canadell et al., 

2007, Le Quere et al., 2009), with carbon dioxide (CO2) being the most important anthropogenic GHG 

(IPCC-AR4, 2007; Peters et al., 2011). By sequestering a large amount of atmospheric carbon (C), 

terrestrial ecosystems are thought to offer a mitigation strategy to reduce global warming (Schimel et 

al., 2001). This is confirmed by the observation that annual increment of atmospheric CO2 is 

substantially smaller than the increment in anthropogenic emission and, on a global scale, it has been 

estimated that the terrestrial biosphere is able to take up annually about 30% of anthropogenic CO2 

emission (Schulze, 2006; Canadell et al., 2007). 

Several studies have been carried out to assess the capacity of ecosystems in different natural biomes to 

sequester C from atmosphere, most of which related to FLUXNET synthesis activity (Baldocchi, 2008; 

{HYPERLINK http://www.fluxnet.ornl.gov/} ) and results have been recently reviewed in a global dataset 

(Luyssaert et al. 2007; Schulze et al., 2010). An effective way to compare the ability of different 

ecosystems to sequester CO2 from the atmosphere is to determine their carbon use efficiency (CUE).  

CUE, the ratio of gross primary productivity (GPP) to net primary productivity (NPP), is indeed an 

intuitive and easily comparable index to assess the capacity of an ecosystem to transfer C from the 

atmosphere to terrestrial biomass (DeLucia et al., 2007). Increase our knowledge on the magnitudes and 

spatial distribution of CUE and heterotrophic respiration (Rh), could allow a better linkage of the GPP 

estimates with those of net ecosystem productivity (NEP), for which reliable climatic and biological 

predictors at the global scale are still not available. 

Despite the great effort carried out on natural ecosystems, less knowledge is available from this 

ecological point of view regarding intensively managed ecosystems, particularly woody-agroecosystems, 

although some cropping system may assume great importance especially at regional scale (Testi et al., 

2007). Agricultural practices such as soil tillage, fertilization, irrigation and the reduced biodiversity 

occurring in non-natural ecosystems, may alter significantly ecosystems capacity of exchange C with the 

atmosphere (Smith, 2004; Osborne et al., 2010) and thus their potential to act as a sink of C when 

confronted with natural ecosystems growing in similar environmental conditions. 

Woody agro-ecosystems are among the least well quantified and most uncertain elements in the 

terrestrial biogeochemical cycle. In the present study we hypothesize that the main ecosystem carbon 

http://www.fluxnet.ornl.gov/fluxnet/viewstatus.cfm�
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fluxes of a woody agro-ecosystem are of the same magnitudes with respect to those of a natural 

forested ecosystem of the same biome rank (temperate –humid deciduous forest), while the main 

differences between the two land use types take place in the allocation pattern of fixed C within tree 

organs.  

We investigated an apple orchard (Malus domestica Borkh.) growing in a temperate-humid area and 

confronted with data taken from literature of temperate humid forests (Curtis et al., 2002, Luyssaert et 

al., 2007, DeLucia et al., 2007). We used CUE as a comparison index and we biometrically measured the 

NPP of the main ecosystems compartments to assess C allocation pattern. In order to test the 

robustness of the measured C fluxes involved in CUE determination (GPP, NPP and Ra), we adopted an 

experimental protocol which allowed us to obtain a double independent estimate of each flux. 
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2. MATERIALS AND METHODS 

2.1 Site description 

The study site is located in the intensively cultivated bottom Valley of the Adige river, municipality of 

Caldaro, South Tyrol, Italy (46°21’ N, 11°16’ E; 240 m a.s.l.). Apple trees (Malus domestica var. Fuji 

grafted on dwarfing M9 rootstock) have been planted in the year 2000 in a regular frame of 3x1 m, 

where 1 m is the distance between plants along the line and 3 m is the distance between two lines of 

trees. Average pruned tree height was 3.6 m. Budburst occurred in the second half of March, trees 

maximum LAI was 2.8 m2 m-2 in July and major leaf fall started at the end of October. The 30 year 

average mean annual temperature was 11.5 °C, while mean annual temperature during 2010 was 

11.6°C. Total water input for 2010 was 1770 mm, of which 1050 mm from precipitation and 720 mm 

from irrigation. The soil is a Calcaric Cambisols according to FAO Soil Taxonomy, with a pH of 7.4 and an 

organic carbon content of 1.74 % in the upper 20 cm. The soil bulk density is 1.49 In the upper 20 cm 

and 1.52 between 20 and 60 cm. Apple tree plantations with the same characteristics were present 

around the selected field for a minimum distance of 300 m in all directions. 

2.2.Experimental set-up 

The site was selected based on the favorable conditions for eddy-covariance (EC) measurement in term 

of regular terrain and homogeneity of land surface cover. An 8 meter tower was settled up at the 

beginning of 2009. Instruments for EC measurements were installed at the top of it (see section 2.3.1 for 

details). Additionally, the tower was equipped with a series of meteorological instruments. Solar 

radiation components were measured by CNR1, Kipp & Zonen, Delft, Holland; air temperature and 

relative humidity by CS215, Campbell Scientific Incorporated, Logan, Utah, United States (CSI hereafter), 

rainfall by a professional rain gauge (RAIN-O-MATIC, Pronamic, Silkeborg, Denmark) and soil water 

content by multiple TDRs (CS616, CSI). All meteorological data were logged by a CR3000 (CSI). 

Close to the tower, 16 collars for soil respiration measurement were placed along a selected tree line, 8 

on control plots and 8 on trenching plots. Practical limitation for expanding the survey area on other 

tree lines were experienced, mostly due to the necessity of not to impede the execution of the normal 

agricultural practices. This gap was overcome by carrying out a parallel independent campaign for 

assessing the spatial variability of soil respiration in the field (section 2.3.3 for details). 
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After a characterization of tree diameters that was conducted over the whole site, six groups of five 

plants each were selected in order to represent the observed tree diameter probability density 

distribution. Nets for litter collection were placed under selected trees and biometric measurements 

were carried out during the 2010 growing season to assess total NPP and carbon allocation within the 

studied ecosystem (section 2.3.2 for details). Along with measurements and litter collection, 9 branches 

(3 per plant level) were cut from randomly selected trees and brought to laboratory for analysis at each 

sampling date. The collected material was used to determine: the mean dry weight of each organ (after 

drying in oven to a constant weight at 65°C); the mean carbon and nitrogen content of each NPP 

component (FlashEA™ 1112 Elemental Analyzer, Thermo Fisher Scientific, Germany) and the mean leaf 

surface (LI-3000 + LI-3050 Portable Area Meters, Li-Cor Biosciences, Lincoln, Nebraska, USA). 

 

2.3 Measurement techniques 

2.3.1 Eddy-Covariance CO2 flux tower measurements 

Net Ecosystem Exchange (NEE) of CO2 was measured continuously by the eddy covariance technique 

since March 2009.  Measurements and calculation were performed following Euroflux methodology as 

described by Aubinet et al. (2000) with a 3D sonic anemometer (Gill R3-50, Gill-Instruments, Lymington, 

UK) at a height of 8 m above ground (4 m above the canopy) and a close path CO2/H2O infrared gas 

analyzer (IRGA, LI-7000, Li-Cor Biosciences, Lincoln, Nebraska, USA). Air was sampled trough a 

polyethylene tube (4 mm inner, 6 mm external diameter) at a distance of 0.3 m from the anemometer 

with a flux rate of 10 l min-1 provided by an external pump (N838 KNDC, KNF Nueberger GmbH, Freiburg, 

Germany). Calibration was performed bi-weekly with reference gases: Nitrogen and 380 ppm CO2 flasks 

(produced by Messer, Grugliasco, Italy), were used to set the zero and the CO2 span, respectively. Zero-

level of CO2 and H2O in the reference cell of the analyzer was assured by the use of chemicals 

(respectively Ascarite II for CO2 and magnesium perchlorate for water vapor), which were substituted bi-

weekly.  The software Eddysoft (Kolle and Rebmann, 2007; Mauder et al., 2008) was used to calculate 

eddy fluxes with the following criteria: no detrending, no high or low pass filtering corrections were 

used; a two-axis rotation of coordinates was applied each 30 minutes. The software automatically 

calculated the lag-time for CO2 at each half-hour to maximize the covariance between fluctuations in 

vertical wind velocity and gas mole density. In addition, the analysis of stationary conditions for CO2 

turbulent flux and of Integral Turbulent Characteristic (ITC) following Foken and Wichura (1996) was 

performed. 
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Gaps in CO2 flux time series were filled with look-up tables (LUT) based on meteorological and seasonal 

conditions. The whole year was separated into six bimonthly periods and for each period two different 

tables were compiled: one for night and one for day time. For both tables quality checked data only 

were used as input. Average flux for the night time table was calculated using a moving LUT with 15 days 

sliding windows, compiled for 21 classes of relative soil water content and 26 classes of air temperature. 

The ranging interval of a meteorological variable in a specific class depended on the ratio between the 

overall range of the variable in the bimonthly period and the number of classes. Gaps in the fifteen 

central days of the LUT were filled and then the temporal window of the LUT was moved 15 days ahead. 

For the daytime the moving LUT was compiled for 26 classes of air temperature and 26 classes of global 

radiation (Rg). Rg was also used to distinguish day from night (Rg > 20 W m-2).  

The partitioning of the observed NEE into gross primary productivity (GPP) and ecosystem respiration 

(Reco) was achieved through night time LUT used for gap filling. Indeed, day time Reco values during the 

central time period (15 days) of a nocturnal LUT come from the same LUT and they were chosen 

according to air temperature and soil humidity for the specific half–hour period. 

As a form of control, gap-filling was also performed by the marginal distribution sampling method 

(Reichstein et al., 2005) using the on-line standard tool ({HYPERLINK http://www.bgc-jena.mpg.de/bgc-

mdi/html/eddyproc/index.html}), which accounts for temporal autocorrelation of fluxes, replacing 

missing-data with the average value under similar meteorological conditions (Reichstein et al., 2005). 

GPP and Reco calculation was performed using the same tool. The same procedure was also followed 

using the light response curve approach described by Lasslop and colleagues (2010) and following the 

selection of the maximal sum of turbulent and storage flux observed at the beginning of the night (van 

Gorsel et al., 2009). 

2.3.2 Biometric measurements 

Biometric measurements were conducted over six representative plots following Law et al. (2008). Six 

NPP components were considered separately: leaves (NPPl); fruits (NPPf); aboveground woody tissues 

(NPPwag) which include trunk, branches and shoots; belowground woody tissues (NPPwbg) which include 

coarse roots and the belowground part of trunk; fine roots (NPPfr); understory production (NPPu). Each 

of these fluxes was assessed directly and independently. We did not consider in this budget the volatile 

organic compounds (VOC), non CO2 carbon emission and root exudates production. Data and samples 

were collected once a month and the following equation was used to calculate the total NPP produced 

within each sampling date and in the whole season: 

http://www.bgc-jena.mpg.de/bgc-mdi/html/eddyproc/index.html�
http://www.bgc-jena.mpg.de/bgc-mdi/html/eddyproc/index.html�
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1 1( ) ( )t t tNPP L Sb Sb+ +∆ = + −     (1) 

Where L is the litter collected from the nets and Sb is the standing biomass. Variations in C storage 

within tree organs were not considered beside their relevance. Details on the sampling procedures for 

each NPP component are described below. 

NPPl - One plant out of each plot for a total of 6 plants was selected. In April 2010 we divided the plants 

in 3 levels of height (low= 0 – 120 cm, medium = 120 – 240 cm, high=240-360 cm) to represent within 

tree vertical variability (e.g. Rayment et al., 2002); we numbered and tagged all the branches and we 

counted the number of leaves and flowers of each branch.  

Three branches per plant level were then chosen, and in the following months, from May till November, 

number of leaves and fruits of these 9 branches per plant were monitored avoiding any sampling 

collection. We used the complete characterization done in April to determine a multiplicative factor, 

specific for each plant level, to upscale measured values to the whole plant. The derived total number of 

leaves per plant was multiplied by the mean leaf dry weight of that period and thus by leaf carbon 

concentration to determine the amount of C allocated to leaves. 

Leaf abscission was monitored by collecting at the same sampling date the litter from nets placed under 

each selected plot. NPPl was thus calculated using equation 1. 

NPPf - Once a month, flowers (April) and fruits (from May till October) were counted on the selected 

branches. The whole number of fruits per plant was counted at harvest (October) and a multiplicative 

factor calculated from selected branches was considered to account for fruit number reduction due to 

early drop occurring in the whole plant from fruit setting till harvest, and thus to have an estimate of 

total fruit number per plant throughout the season. In a similar way as done for the leaves, in order to 

assess C allocation to fruits, total number of fruits was multiplied with the mean fruit dry weight at each 

sampling date and for the mean C content. Equation 1 was applied to assess NPPf.  

NPPwag and NPPwbg - Monthly records of trees circumferences at 10 cm above grafting points were 

collected for each plant of the selected plots (n=30). Allometric ( by ax= ) equation parameters were 

determined by excavating 11 apple plants of the same age and size, grown in very similar environmental 

and soil conditions in a nearby orchard. Since apple trees are pruned each year during winter time, the 

same plant diameter may lead to a significant difference in aboveground (AG) woody biomass estimate 

depending on whether allometric equations are fitted over pruned or not pruned trees. To consider this 

effect, we built a first allometric equation with pruned trees (woodAG_p) and a second equation with not 
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pruned trees (woodAG_np, see respective parameters in table 1). Based on our measurements, pruning 

material was quantified in 11.5% of AG woody biomass. To calculate the NPPwag at monthly time-step, a 

third allometric equation (woodAG, see table 1 for equation parameters) was determined with an initial 

value (April) on the ordinate set by the equation fitting pruned trees and the final value (November) on 

the ordinate set by equation fitting un-pruned trees: 

 1( )b b
a t tNPPw a x x+= −        (2)  

Where x is the diameter at 10 cm above grafting point, a and b are parameters of the fitting power 

equation and t is the time of biometric measurement. When considering wood production over more 

than one year, the overall procedure results in a saw-tooth diagram. 

On the same excavated trees, the belowground (BG) biomass up to a horizontal distance of 15 cm, and 

up to a vertical depth of 1 m was also determined. This value was integrated in space by considering the 

coarse roots excavated through soil coring (see below). Coarse roots where considered if >2 mm 

diameter. Spatial interpolation was performed by ordinary kriging, assuming a maximum root depth of 1 

m. A power allometric equation was established to relate diameter and below ground woody organs 

(woodBG). The following equation was then used to estimate NPPwbg 

1( )d d
b t tNPPw c x x+= −        (3) 

Where x  is the diameter at 10 cm above grafting point and c and d are the parameters of the best 

fitting power equation reported for woodBG in table 1.  

NPPfr -  In March 2010 an intensive soil sampling campaign was carried out in order to assess the mean 

root biomass and distribution. One plant per plot was selected and 17 soil cores were taken at each of 

the six plots, along two parallel lines across tree row at different distances from the tree trunk. Each soil 

core was divided into 3 depth levels: 0-20, 20-40 and 40-60 cm. Each soil sample (n=306) was sieved to 

extract roots, separating them into coarse (diameter > 2 mm) and fine (< 2 mm) roots. Interpolation in 

space of fine root density values was performed as for coarse roots. 

 In order estimate root contribution to detritus cycle, we assumed that all coarse root growth accounted 

for standing biomass increase and that a constant ratio between fine and coarse roots existed to 

estimate annual fine roots increment. 
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In summer 2009, several minirhizotrons were installed in the apple orchard, at a distance of 15, 35,  55 

and 150 cm from the tree. They consisted in transparent Plexiglas tubes (8 cm diameter, length = 1 m) 

inserted into the soil with an angle of 45° for approximately 90 cm, thus exploring a soil depth of 60 cm. 

Starting from March 18, 2010, root growth was monitored by periodic images collected inside the 

minirhizotrons by a root scanner (CI-600 Root Scanner, CID-Inc, Camas, Wa, USA). After a first screening 

of the collected images, 8 representative minirhizotrons were considered for the analysis. To assess fine 

roots NPP, the relative growth rate was calculated by image analysis (WinRHIZOTRON software, Regent 

Instruments, Canada). The growth coefficient obtained was applied to the value of initial fine root 

biomass assessed biometrically. Grass and tree fine roots growing patterns were not distinguished. 

NPPu -  Apple trees were planted in rows. A soil stripe 1.2 m wide centered on the row was kept free of 

grasses trough periodic tillage. In the inter-row (1.8 m wide) grasses were free to grow, and were cut 3 

times along the season. We selected 6 control plots of 1.8 m2 in the inter row, close to the monitored 

plants, from which we monthly mowed the aboveground grass production. Root growth, observed with 

minirhizotrons, was considered together with trees fine roots as NPPfr component (see above). The 

herbaceous biomass grown along the tree row in periods between tillage events was assumed to be 

negligible. 

2.3.3 Soil respiration measurements 

An automatic multichambers CO2 soil flux measurement system (LI-8100 + LI-8150 with 8 chambers type 

LI-8100-104; Li-Cor Biogeosciences, Lincoln, Nebraska, USA) was used to measure soil respiration (Rs). 

Four chambers were kept on the same collars for the whole season, while the other 4 were rotated over 

12 different positions on a weekly base. Fluxes in each chamber were taken every half hour. During 

measurements, CO2 concentration values were taken every second for a measurement length set up to 

2 min and 35 s. The first 45 s were considered as mixing period and excluded from the calculation of the 

soil CO2 efflux, which was thus obtained from the linear regression of the increasing CO2 concentration 

within the chamber during 1 min and 50 s.  

Out of the total 16 positions, 8 were on control plots (to assess Rs) and 8 on trenched plots (to assess 

Rh). Overall, more than 26000 data points for both Rs and Rh were recorded. As quality control, we used 

the correlation coefficient of the linear relation between time and CO2 concentration, discarding values 

with R2 below 0.99. Gap-filling was performed on data collected at each collar via LUT method and total 

Sr and Rh were calculated by summing the gap-filled time series. 
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In June 2010 a parallel soil respiration measurement campaign has been carried out to assess spatial 

variability of soil respiration.  Six collars (10 cm diameter) have been placed at different distances from 

the tree in each plot used for biometric measurements (36 total collars) and 7 measurement cycles have 

been performed for each collar by a second LI-8100 with a LI-8100-102 survey chamber. Observed 

relation with air temperature was used to upscale continuous soil respiration measurements, localized 

along a single tree line, to the whole plot. 

 

2.4. Ra assessment 

Autotrophic respiration was not measured directly but derived in three independent ways from 

measurements that relied on different methodologies. The first method follows the equation: 

 Ra= GPP - NPP          (4) 

 where GPP is the EC derived and NPP is assessed biometrically.  

The second method follows the equation 

 Ra= Reco-Rh            (5) 

 where the first term is EC-derived and the latter is measured with the soil chamber system.  

The third method estimates total Ra multiplying belowground Ra (Ra_bg), obtained by subtracting Rh from 

Rs, per a coefficient (K = 1+(Ra_ag/Ra_bg)) that accounts for the aboveground component of Ra (Ra_ag). The 

coefficient K was obtained following the model published by Reich et al. (2006) who observed a 

consistent near–isometric scaling of total and aboveground plant respiration to total and aboveground 

plant N content across different taxa, environments and experiments. 

 

2.5 NPP, GPP and CUE estimates 

Carbon Use Efficiency (CUE) is defined as the ratio between net (NPP) and gross (GPP) primary 

production. An objective of this work was to assess two independent estimates of this two Carbon fluxes 

in order to obtain four estimates of annual CUE of the study site. 
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2.5.1 NPP 

NPP was assessed biometrically (NPPbiom), by adding together the cumulated values of each NPP 

component considered in the biometric measurements as explained in session 2.3.2, and by summing 

the yearly NEP and Rh (NPPflux), thus involving respectively eddy-covariance and soil respiration chamber 

system. The daily carbon uptake rate was calculated dividing both the cumulated NPPbiom and NPPflux  at 

each sampling date per the number of days occurring from the actual sampling date to the previous one. 

2.5.2 GPP 

The first annual estimate of GPP (GPPEC) was obtained from flux partitioning of eddy covariance 

detected NEE fluxes (section 2.3.1) while the second yearly GPP value (GPPb&sc) was calculated avoiding 

any involvement of the eddy covariance methodology by summing NPPbiom with the Ra assessed 

following the third method described in session 2.4. In this case it was possible to estimates the 

cumulated amount of GPP at each sampling date using only GPPEC values. 

2.5.3 CUE 

On annual base, CUE was calculated dividing NPPbiom and NPPflux per both GPPEC and GPPb&sc, thus 

obtaining four independent estimates of this index. To assess the seasonal trend of CUE, NPPbiom and 

NPPflux values at each sampling were divided by only the respective GPPEC amount. 

 

2.6 Statistical analysis 

Additive and multiplicative errors in this study were calculated by means of the error propagation theory 

(Taylor, 1982). When two means (X and Y) with their standard error of the mean (SEMx and SEMy) were 

added yielding the value Z, the standard error of Z (SEMz) was calculated as follow: 

2 2( ) ( )z x ySEM SEM SEM= +
      (5) 

 While if X and Y were multiplied, the resulting SEMz was calculated as follow: 

22 ( )( ) yx
z

SEMSEMSEM Z
X Y

= × +
      (6)  
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3. RESULTS 

3.1 The ecosystem carbon stocks and fluxes 

Data relative to the stocks of carbon in the apple orchard at the beginning of the growing season (March 

2010) are reported in Table 2. Soil resulted by far the highest carbon pool, containing much more carbon 

than the standing biomass (17.2 vs. 1.0 kg C m-2). Within the standing biomass, 60 % was above and 40 

% was allocated belowground. 

3.1.1 Fluxes from eddy covariance 

Figure 1 shows the daily ecosystem carbon fluxes of the apple orchard for the year 2010 assessed via 

eddy-covariance.  Budburst occurred the 18th of March and NEE started to become negative (sink of C) 

during the first decade of April. The maximum NEP was 7.21 g C m-2d-1 (25 June) while daily NEE 

returned to be positive (source of C) in the first decade of November, when leaf abscission was almost 

complete and only inter-row grasses were photosynthesizing. On a yearly basis, GPP, Reco, and NEP 

accounted respectively for 1263 ± 189, 883 ± 160 and 380 ± 30 g C m-2y-1. For this study, gap-filling and 

flux partitioning were done with LUT method. Uncertainties were determined as standard error 

obtained from comparison with other interpolation algorithms and flux partitioning methods. Following 

Reichstein et al., 2005, NEP was 351, GPP 1074 and Reco 723 g C m-2y-1. Following Lasslop et al., 2010, 

these values were respectively 512, 945, and 433 g C m-2y-1. 

3.1.2 Fluxes from soil respiration system  

Soil respiration (Rs) and its heterotrophic component (Rh) fluxes over the season are shown in Fig 2. 

Yearly cumulated Rs was 1118 ± 91 and Rh was 691 ± 156 (mean ± se) g C m-2.  

According to results from the spatial variability campaign (Fig. 3), we calculated a reduction factor of 

0.768 to be applied to the flux values obtained with the fixed multiplexed chambers, and up-scaled Rs 

and Rh accounted respectively for 859 ± 70 and 530 ± 42 g C m-2y-1.  To assess the robustness of these 

estimates, parameters of Q10 and Lloyd and Taylor model have been calculated  (Tab. 3) and with both 

models the yearly amount of Rs and Rh where within the uncertainty expressed above.  
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3.1.3 Fluxes from biometric sampling 

The total NPP assessed biometrically (Tab. 4) was 960 ± 70 g C m-2y-1 of which 52 % is represented by 

fruit component (495 ± 35 g C m-2y-1). Leaves, which are deciduous, represent 11% of total NPP (106 ± 5 

g C m-2y-1). Fine roots production was 14% of NPP (130 ± 28 g C m-2y-1). Assuming that fine roots 

increment follows the same growth pattern of the coarse roots, C allocated to standing fine roots is 6 ± 

1 g C m-2y-1 (4.5% of NPPfr), while the remainder 124 ± 27 g C m-2y-1is supposed to be shed annually and 

to feed the detritus cycle.   

 NPP allocated to above ground woody organs like trunk and branches  (NPPwag,) was  173 ± 53 g C m-2y-1 

(18% of total NPP); the largest part of this component is given by pruned wood feeding the detritus cycle 

(147 ± 45 g C m-2y-1), while only 26 ± 8 g C m-2y-1 represent the increment of standing wood biomass. 

Carbon allocated to belowground structural organs accounted for only 1% of total NPP (NPPwbg = 13 ± 3 

g C m-2y-1). Grass production of the understory (NPPu) was 42 ± 3 g C m-2y-1, 4 % of total NPP.  

Summarizing the fate of NPP components, we obtained that 45 ± 9 g C m-2y-1 represent an increase in 

standing wood biomass, 471 ± 35 g C m-2y-1 are exported, and 444 ± 53 g C m-2y-1 are feeding the detritus 

cycle. 

3.1.4 The carbon cycle 

All the C fluxes measured on a yearly base within the ecosystem during 2010 are shown in Figure 4. The 

only flux not directly assessed in the present study was the autotrophic respiration (Ra), which was 

determined indirectly as described in session 2.4. The value reported in Fig. 4 (396 ± 166 g C m-2y-1) 

refers to the average ± se of the three models presented in table 5. 

3.2 The seasonal C allocation pattern 

Results of the biometric measurements of NPP are shown in Figure 5 and in Table 6 with related 

uncertainties.  Right after budburst (from March 18th to April 20th), fine roots represented the most 

significant component of total observed growth (56% of total NPP), while when averaged over the whole 

year the incidence of this component  (130 ± 28 g C m-2) was 14% of total NPP.   

Leaves growth occurred mostly between April and early June. From April 20th till May 11th were 

produced 50 ± 3 of 110 ± 5 g of C m-2, 47% of total leaf biomass produced in the year. In that period, 

leaves represented 44 % of total NPP.  
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The relative growth of woody organs, which include trunk, branches and shoots, was larger during spring 

and early summer (21% of total NPP) and decreased to 8% from mid August till the end of the season. 

Parameters obtained by fitting the allometric equations were respectively 229.3 (a) and 1.61 (b) for un-

pruned aboveground biomass, 202.9 (a) and 1.61 (b) for the pruned aboveground biomass; 46.7 (c) and 

1.77 (d) for the below-ground biomass.  

From June till the harvest, fruits represented the highest sink of C of the entire ecosystem. C allocation 

to this organ was more than 65% of total NPP in July and August and more that 75 % of total NPP in 

September and October.  At harvest, carbon allocated to fruits was 495 ± 35 g C m-2, 52% of total NPP. 

 Understory primary production was a significant component of total NPP, accounting for 42 ± 3 g C m-2, 

the 5% of total NPP, with a relatively constant growth rate throughout the season. 

3.3 Independent assessment of NPP, Ra and GPP  

The equation NPP + Ra = GPP shows relation among these three fluxes and their importance for the 

determination of CUE (NPP: GPP ratio). In this study, the yearly amount of each of these three C fluxes 

was obtained following at least two independent pathways. 

3.3.1 NPPbiom and NPPflux 

Results of biomass accumulation of the considered ecosystem components at each sampling date are 

reported in table 6, while in figure 6 are shown the daily carbon uptake rate of both NPPbiom and NPPflux. 

Daily NPPbiom showed a less regular annual pattern of C uptake respect to NPPflux, which was well bell 

shaped. Maximum daily NPP occurred from mid June till mid July for both NPPbiom (7.80 ± 2.18 g C m-2d-1) 

and for NPPflux (6.76 g C m-2d-1).  

Although some discrepancies emerge when confronting the two curves (NPPflux-NPPbiom= -2.9 g C m-2d-1 

in May, -1.5 g C m-2d-1 in September, + 1.3 C m-2d-1 in November) ,  we found a good agreement between 

these two independent methods of determining NPP, confirmed by the surprisingly close value of yearly 

NPPbiom and NPPflux values, which were respectively 960 ± 68 and  910 ± 51 g C m-2y-1. 

3.3.2 Ra 

As mentioned above, Ra was the only element of the C cycle which was not measured directly. Each of 

the three equations applied implies the integration of different methodologies and lead to sensible 
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different estimates of Ra (tab 5). Following model 1, Ra was 303± 201 g C m-2y-1, a value close to model 2 

which leads to a Ra of 353 ± 165 g C m-2y-1. The third method, based on the up scaling of soil autotrophic 

respiration  (Rs-Rh) and thus relying only on soil chamber methodology, is significantly higher respect to 

the previous two, resulting in an estimate of total Ra of 533 ± 132 g C m-2y-1. 

3.3.3 GPPEC and GPPB&S  

On a yearly basis, it was possible to estimate GPP independently from EC measurements. GPPB&S was 

obtained summing NPPbiom with Ra determined by model 3 of table 7, therefore relying only on biometric 

and soil chamber measurements. While GPPEC was 1263 ± 189 g C m-2y-1, GPPB&S resulted approximately 

200 g C m-2y-1 greater (1493 ± 150 g C m-2y-1). 

3.4 CUE: seasonal trend and yearly value 

We assessed the seasonal trend of CUE in two partially independent ways (CUEbiom and CUEflux, Fig 7). 

We obtained these CUE values by dividing respectively NPPbiom and NPPflux by GPP derived from flux 

partitioning of EC measured NEE, that was the same in both the estimates. 

 Significant differences between the two estimates occurred at the beginning of the growing season and 

at its end, after harvest. When analyzed separately, CUEbiom showed an irregular pattern with a 

decreasing trend throughout the season, while CUEflux showed its highest values during the summer 

months. In both cases, CUE was above 0.5 for the whole growing season. Based on results shown in the 

previous sections, on yearly basis we obtained four independent estimates of CUE (tab 7) that returned 

an average value of CUE for the apple orchard of 0.68 ± 0.10.  

  



30 
 

4. DISCUSSION 

4.1 Magnitude of C fluxes  

The first hypothesis of this study was that the main ecosystem C fluxes of a woody agro-ecosystem have 

the same order of magnitude of natural forest ecosystems growing in the same biome rank. Table 8 

shows a comparison between meteorological and biological variables measured at the study site and at 

the temperate-humid deciduous forests reported in the global forests database published by Luyssaert 

et al. (2007). Regarding the mean stand characteristics, it appears clearly that apple trees are smaller in 

size (height, AG  and BG biomass), which is reflected in a smaller LAI. Climate characteristics of the stand 

are very similar to the average observed in temperate-humid forests, with the exception of summer 

precipitation,  that in the studied ecosystem is conditioned by irrigation, a practice that eliminates major 

stress due to drought in the summer period. Based on our results, EC ecosystems carbon fluxes (GPP, 

NEP and Reco) obtained in the studied agro-ecosystem are quantitatively similar to a forested stand. We 

obtained GPP and Reco values slightly smaller and a larger NEP, but differences where within 100 g C m-

2y-1.  

The estimate of Rh was obtained by measuring Rs from trenching plots. This methodology for separating 

microbial and root respiration is widely applied for its simplicity and low cost although it is affected by 

several disadvantages (Subke et al., 2006; Lamberty et al., 2011). Among them, the most important is 

probably the fact that part of the measured C may come from decomposition of  roots that are excised 

during the trenching  (Hanson at al., 2000). We avoided accounting for the “priming effect” due to an 

excess of decomposable matter (Kuzyakov et al., 2000) starting the measurements approximately 10 

months after the trenching plots were set. Another problem could rise because of the higher soil water 

content of trenching respect to control soil, due the absence of root absorption. This may cause a 

change in the microbial community and in the rate of CO2 emission (Dìaz-Pìnes et al., 2010) that we 

prevented starting from June 2010 by installing plastic shelter approximately 1 meter above trenching. 

Small trenching have also being indicated to act as a sink for CO2 from surrounding soil (Rachpal et al., 

2006), thus causing an overestimation of Rh. Despite all these limitations of the trenching approach and 

the assumptions that need to be made, the metaanalytical review published by Subke (et al., 2006) 

reports a general good agreement among different methodologies in soil respiration partitioning, 

reinforcing the reliability of our estimates. 
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A different source of error may be the limited amount of replicates from which we estimated Rh. 

Rodeghiero and Cescatti (2007) indicated in 30 the number of sampling points needed to properly 

account for the spatial variability of Rs. Since we had a limited number of trenched plots, we derived 

total Rh from the ratio between Rs and Rh observed by continuous chamber measurements, and then 

we extrapolated Rh to the whole stand based on an independent measurement campaign of Rs carried 

out over 42 collars from which we calculated a constant multiplicative factor of 0.768 to be applied to 

continuous measurements.  

The ratio Rh/Rs obtained in the present study (0.62) is within the range of the studies carried out over 

temperate forests, as  reviewed by Subke et al. (2006), while the absolute value of our average 

estimates of Rh (530 ± 42 g C m-2y-1) is higher respect to the average Rh obtained by Luyssaert (et al., 

2007) for temperate humid deciduous forests (387 ± 4 g C m-2y-1, Tab.3). Besides uncertainties of the 

methodology itself, this fact may also be due to a relatively high soil organic carbon content and to the 

superficial soil tillage which was periodically carried out along apple trees stripe (1.2 m wide) to control 

the growth of grasses below the trees,  a common practice in an organic production system (Reganold et 

al., 2001, Smith, 2004). 

The protocol that has been used to biometrically assess NPP, accounts for four (out of 6) hierarchical 

levels of the framework for net primary production that were proposed by Luyssaert and colleagues 

(2007). We did not account for root exudates component and non-CO2 carbon emission (VOC, CO, CH4) 

and thus, besides uncertainties in the estimates of the other NPP components, the biometric value we 

found (960 ± 68 g C m-2y-1) is very likely to be an underestimation of the real NPP. There are few reliable 

estimation of the magnitude for root exudates component and non-CO2 carbon emission on total NPP in 

literature (Grayston et al., 1996, Millard et al., 2007) and are often accounted as missing NPP due to the 

intrinsic difficulty of their direct assessment (Luyssaert et al., 2007) under field conditions. In the review 

of 14-C labeling studies on plant-soil interactions published by Farrar et al. (2003) it is suggested that 

exudation may account for 5-10 % of net C assimilation although Jones et al. (2004) revisited this 

estimation to 2-4% and other studies pose the accent on the dependency of root exudates amount to 

plant species, soil type and fertility and other climatic variables (Cheng et al., 2007, Jones et al., 2009). 

NPP found in this  study, was about 200 g C m-2y-1 higher respect to natural forests of the same biome 

rank reported in table 8. The presence of a large amounts of fruits on an apple tree is known to enhance 

specific leaf photosynthesis as a consequence of their role of sink that allow a more rapid download of 

photosynthates  from the phloem (Giuliani et al., 1997). 
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We conclude this section stating that if yearly C exchange of natural and not natural ecosystems is of 

comparable entities, net primary production in our fruit tree ecosystem was consistently higher respect 

to deciduous forest.  

4.2  Annual and seasonal C allocation pattern 

The second hypothesis of this study was that the main differences between natural and agricultural 

woody ecosystems are in the allocation pattern of fixed C instead of in a different magnitudes of C 

fluxes. Results from this study confirm that hypothesis, highlighting how this agro-ecosystem is strongly 

oriented to fruit production. While deciduous forest of temperate humid biomes allocate the fixed C 

primarily into leaves, wood and roots, with an incidence (based on data of tab 8, Luyssaert et al., 2007) 

on total NPP of 30, 43 and 27 %, respectively, these three NPP components in the studied orchard 

accounted for only 11, 18 and 15% of total NPP, with fruits being by far the major NPP contributor (495 

± 35 g C m-2y-1, 52% of total NPP).  When analyzing the seasonal trend of C allocation pattern, it was 

noticed that roughly 70 % of the leaves are set within 2 months after bud burst, while aboveground 

woody organs show a constant growth until mid August. Most of root NPP is due to fine roots 

production, since apple tree are grafted on dwarfing rootstock and thus new coarse roots production is 

rather limited. Fine roots show a first peak of growth in April (55% of total NPPfr) and a second lower 

peak in June (21% of NPPfr). Their growth is very limited during summer while a third period of growth 

was observed in October after fruit harvest (16% of NPPfr). These results are consistent with findings 

published by Eissenstadt et al. (2006). Apple orchard is also interested by important lateral flows of C 

due to human activities which are occurring, with a different magnitude, in both input and output 

direction. As input lateral C input, we must consider  the organic fertilization, a common agricultural 

practice repeated every year for ensuring the reintegration of exported mineral nutrients, which 

accounted for about 35 g C m2y-1. The output lateral C flow is quantitatively much more important since 

it is represented by the harvested apples (equal to 74 t ha-1 fresh weight) which are taken away from the 

ecosystem for commercial purposes. In 2010 this component has been quantified in 471 ± 35 g C m-2y-1 

(95% of NPPf), while the remaining 5% is accounted by early drops and uncollected fruits (24 ± 3 g C m-

2y-1) entering  the detritus cycle. The estimated fruit production is consistent with the yields observed in 

this area of intense apple production. The fate of the C contained in the abscised leaves of apple trees 

during their decomposition on soil surface has been reported by Tagliavini et al. (2007) who showed that 

approximately 80% of initial amounts are lost in the first two years after leaf abscission. Ventura et al. 

(2009) reported that decomposition of peach leaf litter is complete after 3 years and about 10% of initial 

amounts of leaf C are likely to be transformed into more stable C forms in the soil.     
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 Our findings are consistent with other studies on apple trees of different growing conditions and 

varieties (Palmer, 1988; Minchin et al., 1997; Faqi et al., 2008), while the incidence of fruit production on 

total NPP was found also in other agro-ecosystems as coconut palm plantation (Navarro et al., 2008), 

peach (Chalmers and van den Ende, 1975) orange (Liguori et al., 2009) and kiwifruits orchards (Rossi et 

al., 2007). For comparison with other croplands see Ciais et al. (2010). 

The fate of allocated carbon is partially different from forests, with a fraction of C exported from the 

ecosystem through apple production representing nearly half of total net primary production. About 

46% of annual NPP production feeds the detritus cycle, and this is similar to natural forests if tree 

mortality is not considered (e.g. Tan et al., 2010), giving an ample potential for the soil of the fruit  tree 

ecosystem to act as a net carbon sink. The amount of NPP which increases the standing biomass, 

contributing to ecosystem C storage function (5% of total NPP), is conversely much lower than in forests. 

The value obtained strongly relies on assumptions done on fine roots mortality (Section 3.1.3) and not 

on a direct assessment.  However, results obtained in studies on apple tree fine root turnover (Wells and 

Eissenstat, 2001) are quantitatively consistent, and give us confidence on the method used for 

computation.  

 

4.3  Independent assessment of NPP, Ra and GPP 

The methodological approach carried out in the present study gave the opportunity to assess C fluxes 

involved in CUE determination through independent pathways. This allowed a cross check of the 

estimated fluxes thus obtaining an important feedback on the robustness of the estimation. 

NPP was assessed by using only biometric measurements of different ecosystem components (NPPbiom) 

and through the sum of CO2 fluxes obtained by EC (NEP) and soil chamber (Rh) methodology  (NPPflux). 

Regarding the latter method, it is important to specify that we rely on the assumption that organic C 

content in trenching plots was constant throughout the season. The seasonal trend, as well as the yearly 

cumulated value, were very close each other, supporting the reliability of the methodological approach. 

Since no direct measurements of Ra were carried out, a multiple approach was applied to assess this 

component of the carbon fluxes. As shown in table 5, Ra was estimated by coupling: (i) EC with biometric 

measurements (GPP-NPP), (ii) EC with soil chamber measurements (Reco-Rh) and (iii) only via soil 

chambers measurements (1.62*Ra_soil). The difference between the results of the latter method and the 

previous two, highlights the most important discrepancy we registered in the present study, which is 

due to the relatively higher amount of C fluxes obtained via soil chambers, respect to the EC derived 



34 
 

Reco, problems which are reported also in other studies (Ryan et al., 1997, Law et al., 1999).  EC 

measurements may be affected by a series of different systematic and random errors (Baldocchi 2003, 

Richardson et al., 2006) which may lead to uncertainties in the yearly NEE estimate as well as the 

derived Reco and GPP.  We tried several methodologies for the gap filling and flux partitioning procedure 

of our dataset ranging from MDS (Reichstein et al., 2005), light response curve (Lasslop et al., 2010), LUT 

(Moffat et al., 2007; Rossini et al., 2010 and present study) and the method described by van Gorsel et 

al. (2009). Since the yearly amount of Rs measured by our multiplexed system was consistent with other 

published data (Blanke et al., 1995; Koerber et al., 2009; Ceccon et al., 2011) and we are quite confident 

on the result from biometric measurements (NPPbiom), LUT was the methodology which gave the most 

reliable estimate of EC derived GPP and Reco and we adopted it as the reference method using the 

estimates from other methods to assess flux uncertainty. 

The third method to assess Ra allowed us to obtain a second estimate of yearly GPP, completely 

independent from eddy covariance measurements (GPPB&S = Ras + NPPbiom). This resulted to be higher 

respect to GPPEC by approximately 200 g C m-2 y-1, suggesting an underestimation of C fluxes with EC. 

 

4.4 Annual and seasonal CUE  

The hypothesis that CUE is constant among forests (Gifford, 1994, 2003; Dewar et al., 1998; Ryan et al., 

1997) with a possible appropriate universal value of 0.47 (Waring et al., 1998), has been recently 

rejected by De Lucia and colleagues (2007) who reported a systematic large variation of CUE among 

forest types (from 0.23 to 0.83) over a wide range of published data. They conclude however that 

further studies which rely on independent estimates of NPP and GPP are needed to speculate on the 

ratio of Ra with photosynthesis or biomass. Amthor (2000) suggested a theoretical possible interval of 

CUE between  0.2 and 0.65, confirmed also by experimental results on herbaceous species by van Iersel 

(2003), with crops having generally a higher value respect to “natural” vegetation (Amthor, 1989).  In 

the present study, two independent estimate of both NPP and GPP are provided, with CUE ranging from 

0.61 to 0.76 (average = 0.68 ± 0.10).  

The high CUE value found in this agro-ecosystem suggests that a relatively low value of plant respiration 

(Ra) is occurring. A possible explanation may be found in both structural characteristics of the orchard 

and climatic conditions of the site. Regarding the first aspect, despite understanding of plant Ra is still 

incomplete and poorly parameterized into current models (Piao et al, 2010), several studies (Ryan et al., 
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1997, Arneth et al., 1998, Law et al., 1999) highlighted the importance of the biomass composition of 

the forest stand in determining the total Ra, with foliage respiration having the greatest incidence on 

total Ra when considered over unit of biomass. In our case, leaves represent only the 11% of total NPP 

respect to the average value of 30%  for deciduous forests (n=32) calculated from the database of 

Luyssaert et al. (2007). By contrast, a large fraction of growth and biomass in crops is allocated in 

storage organs such as seeds and tubers which have a relatively small growth respiration and a usually 

low maintenance respiration (Amthor, 2000). In our case, 52% of NPP was represented by fruits. Apples 

have a specific dark respiration rate which is high during early cell division period after bloom and 

rapidly decline as growth by cell expansion begins (Jones, 1981; Bepete and Lakso, 1997). Our findings 

confirm the hypothesis that apple trees have relatively low autotrophic respiration compared to many 

other plants due to low constructions costs of fruits (Lakso et al., 1999). The fact that apple trees grafted 

on dwarfing rootstocks like in our study orchard have a relatively small tree framework and root system, 

likely contributes to explain the high value of CUE. Additionally, the low Nitrogen content of apple fruits  

(0.29%) associated with their elevated incidence on total plant biomass (33 ± 7 %), supports the theory 

of Reich et al. (2006; see also Ryan et al., 1996) who observed an almost linear correlation between total 

plant nitrogen and total plant respiration, confirmed also considering only the aboveground plant 

nitrogen and respiration. The low respiratory costs observed in the orchard may be thus correlated with 

a relatively low nitrogen content of the orchard biomass compared with forests. 

Regarding climatic conditions that may contribute to high CUE, following findings of Piao et al. (2010), 

and related debate (Enquist, 2011; Chen et al., 2011), the mean annual temperature (MAT) of our site 

(11.5°C) is very close to the MAT (~ 11°C) at which occurs, at global scale, the minimum Ra: GPP ratio 

over a wide range of ecosystems, thus suggesting a possible role of temperature in controlling 

autotrophic respiration. In addition, optimal conditions of water availability prevents CUE rise due to 

drought (Metcalfe et al., 2010). 

This study allowed assessing the seasonal trend of CUE, using both NPPbiom and NPPflux over the same 

GPPEC respective value. According to Campioli et al. (2010), it is important to specify that the variability 

of GPP estimates over a short period depending on the selected partitioning method may have a great 

effect on the CUE value, thus making difficult to speculate on the absolute values observed along the 

season in each estimate, which in our case was occasionally above the unit. As shown in Figure 7, the 

greatest discrepancy between the two curves of CUEbiom and CUEflux occurs in spring, particularly in the 

first two months after budburst where NPPbiom estimate was greater than NPPflux and in autumn, when 

the opposite was observed (Fig. 6). Since the C stored in reserve organs was not measured, we 



36 
 

interpreted this results as a clear sign remobilization (Mauler et al., 2004; Millard et al., 2007), with 

apple trees using stored carbohydrates in the first two months after budburst and likely re-allocating C 

to storage organs after harvest. Although a spring peak of CUE followed by a quick decline after May was 

observed by Campioli (et al., 2011) in a temperate beech forest, in our case the NPP: GPP ratio was high 

also throughout the summer mainly due to the continue biomass accumulation in fruits and thus 

suggesting a minor accumulation of nonstructural soluble carbohydrates respect to what is occurring in 

forests (Hoch et al., 2003). 
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5. CONCLUSIONS 

This study carried out on an apple orchard allowed to demonstrate how the main ecosystem carbon 

fluxes of a fruit tree ecosystem have a comparable magnitude with respect to deciduous forest growing 

at the same climate conditions. The main difference between the two natural and agricultural 

ecosystems reside in the allocation pattern of fixed C, with fruits representing approximately half of 

total yearly NPP in the orchard while reproductive organs are often even not considered in forests. The 

high amount of fruit biomass may be a possible explanatory reason of the high CUE found for the 

orchard, because of both the low respiratory costs of fruits and their low nitrogen content. Other 

possible explanation may be the good environmental and cultural conditions of the orchard, given the 

optimal mean annual temperature and optimal  water availability which occurred at the experimental 

study site. The seasonal trend of CUE obtained with two partially independent methods allowed to 

highlight the remobilization effect occurring in spring and in autumn.  

We believe that the protocol adopted and the cross checked results obtained in this study are important 

in order to correct the C estimates and the modeling approach over woody agro-ecosystems in 

temperate areas. 
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FIGURE captions 

Figure 1. Eddy Covariance measured and derived C fluxes (g C m-2y-1). Blue dots show NEE, with negative 
values indicating day in which the ecosystems is acting as a sink of C. Red and green dots represent daily 
Reco and GPP which were obtained from flux partitioning of NEE data via LUT method.  

Figure 2. Average daily soil respiration (g C m-2d-1) measured in control (a) and trenching plots (b). Data 
from every single collar are plotted with gray *. Red and blue dots represent respectively daily Rs and Rh 
when at list 3 collars were available. Bars are standard deviation of the mean.   

Figure 3. Comparison of Rs obtained in the same time period (24-28 June 2010) from the multiplexed 
system and the survey chamber (a). Multiplexed data are 58 half hourly average of 4 sampling collars (n 
tot= 232). Data from the survey chamber are 7 measurements replicates over 36 different positions 
(n=252). A two-sample t-test was carried out to compare Rs obtained from the 2 measurement system. 
Rs was significantly higher in multiplexed system (mean = 8.46 µmol CO2 m

-2 s-1) than in survey chamber 
mode (mean = 6.36 µmol CO2 m

-2 s-1; t=9.996, p < 0.001 (2-tailed), d.f. = 147). (b) The Q10 regression 
with temperature of both multiplexer and survey chamber´s soil respiration data with respective 
parameters showing the higher fluxes measured at the multiplexer stand. 

Figure 4. The Carbon cycle of the studied agro-ecosystem for year 2010. Data express grams of C m2y-1 
for each component of the C cycle. Arrows size doesn´t reflect the size of flux. 

Figure 5. NPP accumulation (g C m-2) at each sampling date in the six considered ecosystem 
compartments. Bars width reflects the time (in days) occurred between successive biometric samplings. 

Figure 6. Seasonal trend of daily NPP obtained from biometric measurements (NPPbiom, dotted line) and 
by summing the daily fluxes of Rh and NEP (NPPflux, solid line showing a 15-days moving average of actual 
NPPflux). Bars represent standard error (se) of the mean daily NPPbiom calculated at each sampling date 
and valid for period of time from the previous sampling to the actual. 

Figure 7.Seasonal trend of the Carbon Use Efficiency obtained dividing NPPbiom and NPPflux per the EC 
derived GPP and reported respectively as CUEbiom (dotted line) and CUEflux (solid line, 15 days moving 
average). Time period considered is the growing season 2010, from DOY 77 till DOY 291.  
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TABLES 

Table 1. Coefficients of the power allometric equation founded for aboveground woody biomass 

(woodAG) and below ground woody biomass (woodBG). The “woodAG” equation is calculated using the 

“pruned above ground woody biomass” equation (woodAG_p ) at the beginning of the season and the 

“not-pruned aboveground woody biomass” equation at the end of the season (woodAG_np), thus 

accounting for the pruning material. Reported are parameters with their relative standard errors.  

Woody organs n Intercept ± se Exponent ± se R2 p-value 

woodAG_np 11 229.3158 ± 1.3820 1.6115 ± 0.1787 0.9105 < 0.001 

woodAG_p 11 202.9379 ± 1.3682 1.6115 ± 0.1787 0.9105 < 0.001 

woodAG 2 0.0384 ± na 6.2470 ± na na na 

woodBG 11 46.7026 ± 1.9599 1.7694 ± 0.3716 0.7391 0.0014 

 

 

Table 2. Distribution of the C stocks within the ecosystem at the beginning of the season (march 2010). 

WoodAG includes trunks and pruned branches of different ages calculated with allometric equation 

number 2 of table 1;  WoodBG are coarse roots ( allometric ecquation number 3 of table 1); Fine roots 

were obtained by the intensive soil core sampling conducted in march 2010; The soil C pool was derived 

from data of soil organic carbon and bulk density for a profile of 1 m. 

 
Components C distribution 
(march 2010) kg m-2 % 
WoodAG 0.6 3.4 
WoodBG 0.3 1.7 
Fine roots 0.1 0.7 
Soil 17.1 94.2 
Total 18.2 100.0 
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Table 3. Parameters of Lloyd and Taylor and Q10 model for soil respiration. Reported are the estimated 

parameters  ±  their standard error.  

model  parameter Rs Rh 

Q10 
R 2.728 ± 0.016 1.601 ± 0.009 

Q10 1.759 ± 0.007  1.636 ± 0.007 

Llord and Taylor 
Rref 2.498 ± 0.017 1.515 ± 0.010 

To 220.886  ± 0.258 214.613 ± 0.337 
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Table 4. Yearly NPP values and relative weight of the ecosystem components measured biometrically ( 
data expressed in g m-2 y-1 of dry weight and C ± standard error of the mean) . 

NPP component n DW  DW % distr C %  C  C % distr 
NPPl  6 232 ± 10 10 0.458 106 ± 5 11 
NPPf 30 1239 ± 88 55 0.400 495 ± 35 52 
NPPwag 30 382 ± 117 17 0.454 173 ± 53 18 
NPPwbg 30 29 ± 7 1 0.453 13 ± 3 1 
NPPfr 8 292 ± 62 13 0.444 130 ± 28 14 
NPPu 6 103 ± 6 5 0.410 42 ± 3 4 
NPPtotal  2278 ± 160 100   960 ± 70 100 

 

 

 

Table 5. The three models applied for the indirect assessment of Ra. Data of C fluxes involved in model 1 
and 2 are reported in Figure 4. Ra belowground (Ra_bg) is obtained subtracting Rh to Rs. K is calculated 
from model published by Reich (et al., 2006) and was 1.62. 

  

  model methodology Ra se 
1 GPP - NPPbiom EC - biometric 303 202 

2 Reco - Rh EC - soil chamber 353 165 
3 k*Ra_bg soil chamber 533 132 
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Table 6. Biomass accumulation (g DW m-2 ± standard error) in the monitored tree organs at each 
sampling date 

sampling 
date leaves fruits woodag woodbg fine roots Understory Total 

20/04/2010 32.7 ± 1.7 0 26.9 ± 59.1 0 85.9 ± 45.6 9.0 ± 1.2 153.8 ± 74.7 

11/05/2010 108.2 ± 5.5 29.4 ± 4.6 75.8 ± 31.1 9.6 ± 4.0 22.7 ± 52.7 4.3 ± 0.1 250.1 ± 61.7 

23/06/2010 48.6 ± 6.2 194.5 ± 41.2 79.6 ± 21.4 9.3 ± 1.7 87.8 ± 59.0 20.1 ± 4.4 440.0 ± 75.4 

15/07/2010 22.8 ± 4.2 273.5 ± 54.9 75.1 ± 68.1 1.9 ± 3.2 17.9 ± 65.5 17.3 ± 1.5 408.5 ± 109.4 

20/08/2010 7.8 ± 2.5 266.4 ± 57.7 89.8 ± 54.1 7.2 ± 1.9 15.0 ± 48.0 20.0 ± 2.6 406.2 ± 92.6 

15/09/2010 12.4 ± 3.4 294.3 ± 61.4 30.4 ± 30.4 1.1 ± 1.1 10.8 ± 51.6 24.3 ± 3.8 373.3 ± 85.9 

14/10/2010 0 181.2 ± 33.7 17.5 ± 9.3 2.6 ± 1.2 35.5 ± 75.2 8.3 ± 2.3 245.1 ± 83.0 

16/11/2010 0 0 0 0 16.3 ± 78.1 0 16.3 ± 78.1 

 

 

 

 

Table 7. The four independent approaches used to assess the CUE of the studied apple orchard. (average 
=0.68 ± 10) 

Model CUE se 
NPPbiom/GPPEC 0.76 0.13 
NPPflux/GPPEC 0.71 0.11 
NPPbiom/GPPB&SC 0.65 0.08 
NPPflux/GPPB&SC 0.61 0.07 
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Table 8. Table of comparison between natural woody ecosystems of temperate humid biomes (dataset 
of Luyssaert et al., 2007) and the studied apple orchard, a woody agro-ecosystem. 

stand characteristics (mean ± SD) 
Temperate humid 
deciduous forest 

apple orchard 
(2010) 

Latitude (°) 44 ± 9 46 
Max LAI (m2/m2) 6.1 ± 3.5 2.8 
Tree height (m) 19 ± 7 4 
Tree density (number/ha) 1723 ± 2439 3330 
Stand age 75 ± 50 11 
AG biomass (gC/m2) 10882 ± 5670 840 ± 180 
BG biomass (gC/m2) 2565 ± 2609 319 ± 69 

Stand climate (mean ± SD)   
Mean winter temperature (°C) 2 ± 9 1 ± 4 
Mean summer temperature (°C) 20 ± 5 22 ± 5 
Precipitation sum winter (mm) 183 ± 164 152 
Precipitation sum summer (mm) 356 ± 259 293 (+ 350*) 
Net radiation winter (W /m2) 150 ± 100 9 ± 93 
Net radiation summer (W/m2) 425 ± 78 162 ± 258 
Mean winter air humidity (%) 79 ± 11 72 ± 23 
Mean summer air humidity (%) 77 ± 5 62± 23 

Mean C fluxes (mean ± SE)   
GPP 1375 ± 12     (n=22) 1263 ± 189 
NPP 738 ± 8     (n=52)  956 ± 70 
fNPP 235 ± 2     (n=32) 106 ± 5 
wNPP 329 ± 10     (n=21) 173 ± 53 
rNPP 207 ± 3     (n=52) 139 ± 28 
fNPP ~ 495 ± 35 
uNPP ~ 42 ± 3 
NEP 311 ± 7     (n=29) 380 ± 29 
Reco 1048 ± 13     (n=24) 883 ± 160 
Ra 673 ± 22    (n=15) 307 ± 202 
Rh 387 ± 4    (n=40) 563 ± 45 
Re/GPP (before balance closure) 0.77 ± 0.04 0.70 ± 0.16 
CUE 0.54 ± 0.01 0.68 ± 0.10 
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CHAPTER 3 

 

Environmental and physiological factors governing C fluxes in an apple orchard 
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1. INTRODUCTION 

 

Terrestrial ecosystems are known to interact with atmosphere exchanging heat, moisture, and trace 

gases at different timescales (Pielke et al., 1998). The annual exchange of carbon between global 

vegetated land and the atmosphere is about 120 Gt of C y-1 with creation of organic matter by 

photosynthesis almost balanced by the release of CO2 from respiration and decomposition (Schimel et 

al., 1996; IPCC, 2007). Despite a great concern exists at the global scale regarding the terrestrial biomass 

being destroyed by deforestation, burning and other land use changes, it appears that the overall 

contribution of the terrestrial biosphere to the carbon balance of the atmosphere is to act as a sink of 1-

2 Gt C y-1 (Schimel et al., 2001; IPCC 2007). 

Temporal pattern of gross photosynthesis, respiratory processes and the resulting net ecosystem carbon 

fluxes are dependent on the fluctuating interaction between available radiation, air temperature, 

atmospheric vapor pressure deficit, water availability and the physiological status of the ecosystem, 

which can be described by leaf area index and leaf nitrogen content (Falge et al., 2002; Misson et al., 

2006; Schulze 2006; Groenendijk et al., 2011). 

Biosphere atmosphere interaction measurements and modeling are useful tools for understanding the 

carbon economy of plants (Chen at al.2003; Wang et al., 2004; Migliavacca 2009) and offer the potential 

to determine the atmospheric carbon dioxide sink effect of the studied ecosystem. In this topic are 

involved different scientific communities, ranging from physicists and meteorologists to ecologists and 

agronomists. On the way of ensuring long-term sustainability of agricultural practices, horticultural 

community merges the specific interests in understanding cultivated plant ecophysiology with the need 

to define potential CO2 sink effect of horticultural crops. 

Despite a growing amount of information comes from a wide range of natural ecosystems at different 

latitudes (FLUXNET), still scarce is the knowledge of biosphere-atmosphere interaction in cultivated 

orchards (Rossi et al., 2007, Testi et al., 2010, Liguori et al 2009, Navarro et al., 2008). 

The major effort in fruit tree cultivation is commonly focused in increasing the harvest index (HI) 

intended as the fraction of dry matter allocated to fruits over total GPP (Forshey and McKee 1970) as 

well as the quality of fruits. High HI values are achieved in modern orchards systems using high-density 

plantation with small-sized trees obtained using dwarfing rootstocks and/or appropriate training and 
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pruning systems which can maximize light interception (Robinson and Lakso, 1991; Caruso et al., 1999; 

Corelli Grappadelli 2003; Liguori et al., 2009).  

In fruit tree ecosystems, some of the parameters influencing C cycle are maintained within optimal 

levels for improving HI (i.e. water and nutrients level), and others significant differences with natural 

ecosystems occur by the fixed tree density, by pruning and by the reduced biodiversity (Testi et al. 

2010). Moreover, in woody tree crops such as apple orchards, where the fruits are the dominant sinks 

for photoassimilates, it has been demonstrated that both photosynthesis and transpiration are 

enhanced by fruit load throughout the growing season (Monselise and Lenz, 1980; Gucci et al., 1995, 

Wibbe and Blanke 1995, Giuliani et al., 1997) and also at the harvest time (Tartachnyk and Blanke, 

2004). 

Supporting the statement of Rossi et al. (2007) regarding the need of bridging the long-standing gap 

between ecology and agronomy in order to contribute at the cause of long-term sustainability of 

agricultural production, in the present study we reported the ecosystem carbon fluxes over an apple 

orchard for three continuous years using eddy covariance, the common methodology adopted in 

FLUXNET network. Apple trees are widely cultivated all around the World occupying a surface of more 

4,7 million hectares and Italy is among the largest apple producer´s countries (FAOSTAT, 2010). Within 

Italy, the highest apple production comes from Alto Adige Province, where more than 18000 ha are 

dedicated to this land use type. 

Objectives of this work were to quantitatively assess the carbon exchange fluxes of an apple orchard at 

different time scales (daily, seasonal and interannual), to partition the net carbon exchange, NEE, 

between its downward (Gross photosynthesis, Gp) and upward (Ecosystem Respiration, Reco) 

component and assess the influence of the main environmental and physiological parameters on the 

daily values of the three C fluxes. 
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2. MATERIALS AND METHODS 

2.1  Study Site description 

The study site is located in the bottom Valley of the Adige river (municipality of Caldaro, South Tyrol, 

Italy, 46°21’ N, 11°16’ E; 240 m a.s.l.), intensively cultivated for apple production. Apple trees (Malus 

domestica var. Fuji grafted on dwarfing M9 rootstock) have been planted in the year 2000 in a regular 

frame of 3x1 m, where 1 m is the distance between plants along the line and 3 m is the distance 

between two lines of trees. Training system is slender-spindle. Average tree height is 3.6 m. The orchard 

is managed according to organic production guidelines. Budburst occurs normally in the second half of 

March and the growing season ends commonly at the beginning of November when leaf fall starts. The 

historical data of mean precipitation of the area average 810 mm y-1. Irrigation is practiced during the 

summer period with the sprinkler overhead method. Average marketable fruit production in the three 

considered years was 61 ± 15 t ha-1. The soil is a Calcaric Cambisols according to FAO Soil Taxonomy, 

with a pH of 7.4, an organic carbon of 1.43 % and a total Nitrogen of 0.17 %. The soil bulk density is 1.49 

In the upper 20 cm and 1.52 between 20 and 60 cm. Soil texture analysis in the upper 60 cm revealed 

that sand, lime and clay were respectively 44, 45 and 11 %. General hydraulic properties such as 

Permanent Wilting point (PWP), Field Capacity (FC) and Saturation Point (SP) were estimated on texture 

data (Saxton et al., 1986) and were 9.8, 24.0 and 43.8 % of volumetric soil water content (m3/m-3) 

respectively.  Apple tree plantations with the same characteristics are present around the selected field 

for a minimum distance of 300 m in all directions. Apple trees are commonly pruned during the dormant 

season (December-February). In the present study, trees of the selected field were not pruned after the 

highly productive 2010 season, as a strategy to limit alternating problem by avoiding an excessive 

reduction of flower-buds load. 

The inter-row alley, a stripe of 1.8m width between tree lines, was covered by grass which was cut 3-4 

times per year. The most representative species are:  Poa annua, Poa trivialis, Taraxacum 

officinalis,Trifolium repens, Medicago sativa, Agrostis tenuis, Plantago major, Veronica hederifolia, 

Veronica agrestis, Cerastium holosteoides, Capsella bursa-pastoris, Anthriscus sylvestris, Galinsoga 

ciliate, Glechoma hederacea, Polygonum aviculare, Stellaria media, Rorippa silvestris.  

 



61 
 

2.2 Continuous measurements 

The site was selected based on the favorable conditions for eddy-covariance (EC) measurement in term 

of regular terrain and homogeneity of land surface cover. An 8 meter tower was settled up at the 

beginning of 2009. Instruments for EC measurements were installed at the top of it in March 2009. 

Additionally, a series of instruments were installed on or in the close proximity of the tower in order to 

monitor continuously the main environmental variables such as solar radiation, Air temperature (Tair), 

relative humidity (RH), photosynthetically active photon flux density (PPFD), soil water content (SWC), 

precipitation, soil heat flux (G). 

2.2.1 CO2 fluxes 

Net Ecosystem Exchange (NEE) of CO2 was measured continuously by the eddy covariance technique 

since March 21, 2009.  Measurements and calculation were performed following Euroflux methodology 

as described by Aubinet et al. (2000) with a 3D sonic anemometer (Gill R3-50, Gill-Instruments, 

Lymington, UK) at a height of 8 m above ground (4 m above the canopy) and a close path CO2/H2O 

infrared gas analyzer (IRGA, LI-7000, Li-Cor Biosciences, Lincoln, Nebraska, USA). Air was sampled trough 

a polyethylene tube (4 mm inner, 6 mm external diameter) at a distance of 0.3 m from the anemometer 

with a flux rate of 10 l min-1 provided by an external pump (N838 KNDC, KNF Nueberger GmbH, Freiburg, 

Germany). Calibration was performed bi-weekly with reference gases: Nitrogen and 380 ppm CO2 flasks 

(produced by Messer, Grugliasco, Italy), were used to set the zero and the CO2 span, respectively. Zero-

level of CO2 and H2O in the reference cell of the analyzer was assured by the use of chemicals 

(respectively Ascarite II for CO2 and magnesium perchlorate for water vapor), which were substituted bi-

weekly.  The software Eddysoft (Kolle and Rebmann, 2007; Mauder et al., 2008) was used to calculate 

eddy fluxes with the following criteria: no detrending, no high or low pass filtering corrections were 

used; a two-axis rotation of coordinates was applied each 30 minutes. The software automatically 

calculated the lag-time for CO2 at each half-hour to maximize the covariance between fluctuations in 

vertical wind velocity and gas mole density. In addition, the analysis of stationary conditions for CO2 

turbulent flux and of Integral Turbulent Characteristic (ITC) following Foken and Wichura (1996) was 

performed.  

2.2.2 Meteorological data 

Solar radiation components were measured by a net radiometer (CNR1, Kipp & Zonen, Delft, Holland) 

placed on an horizontal pole at the top of the tower; air temperature and relative humidity data were 
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collected at 8 meter above ground level by CS215, Campbell Scientific Incorporated, Logan, Utah, United 

States (CSI hereafter). Rainfall was collected by a professional rain gauge (RAIN-O-MATIC, Pronamic, 

Silkeborg, Denmark) also placed on the top of the tower. The amount of water provided by Irrigation, 

periodically carried out in the field during summer months, was estimated based on the duration of the 

intervention. Soil water content was assessed by multiple TDRs (CS616, CSI) placed within a 30 m radius 

from the tower. Soil heat flux (G) was measured by two soil heat flux plates (HFP01, Hukseflux, Delft, 

Holland). All meteorological data were logged by a CR3000 (CSI). 

 

2.3 Periodic measurements  

2.3.1 Biometric assessment of NPP 

NPP assessment was conducted in 2010 and 2011 over six representative plots, each one composed of 

five trees, following Law et al. (2008) in order to assess Net Primary Production (NPP). Six components 

of NPP were considered separately: leaves (NPPl); fruits (NPPf); aboveground woody tissues (NPPwag) 

which include trunk, branches and shoots; belowground woody tissues (NPPwbg) which include coarse 

roots and the belowground part of trunk, fine roots (NPPfr) and understory production (NPPu). Each of 

these fluxes was assessed directly and independently in the growing seasons 2010 and 2011 by a 

combination of non-destructive measurements on selected plots and destructive harvest of tree 

branches at regular intervals. We did not consider in this budget the volatile organic compounds (VOC), 

non CO2 carbon emission and root exudates production. Data and samples were collected once a month 

and the following equation was used to calculate the total NPP produced within each sampling date and 

in the whole season: 

1 1( ) ( )t t tNPP L Sb Sb+ +∆ = + −        (1) 

Where Lt+1 is the litter collected from the nets placed under selected trees and Sb is the actual (t) and at 

the successive sampling date (t+1) standing biomass. Variations in C storage within tree organs were not 

considered beside their relevance. Details on the sampling procedures for each NPP component are 

described in the first part of the PhD thesis. 

Excised branches were brought to laboratory for analysis. The collected material, after subdivision of the 

organs as specified at the beginning of this paragraph, was used to determine the dry weight per unit of 
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mass of each organ (after drying in oven to a constant weight at 65°C), the mean carbon and nitrogen 

content of each NPP component (FlashEA™ 1112 Elemental Analyzer, Thermo Fisher Scientific, 

Germany) and the mean leaf surface (LI-3000 + LI-3050 Portable Area Meters, Li-Cor Biosciences, 

Lincoln, Nebraska, USA). 

 

2.3.2 LAI assessment 

In the first month after budburst (April 2010 and 2011), we numbered and tagged all the branches and 

counted the number of leaves of each branch present in 3 levels of height (low= 0 – 120 cm, medium = 

120 – 240 cm, high=240-360 cm) to represent within tree vertical variability (e.g. Rayment et al., 2002). 

Three branches per plant level were then chosen from each tree, and from May till November, the 

number of leaves was monthly counted, avoiding any sampling collection avoiding any sample collection 

in the monitored plants. We used the complete characterization done in April to determine a 

multiplicative factor, specific for each plant level, to upscale measured number of leaves to the whole 

plant. The derived total number of leaves per plant was multiplied by the mean leaf surface at each 

respective sampling date to obtain the seasonal course of the Leaf Area Index (LAI). Only LAI of the apple 

trees was considered in the present study. Between each sampling date, LAI was linearly interpolated to 

obtain a daily value used in the regression modeling approach.  

 

2.4  Gap filling and flux partitioning of CO2 fluxes  

Gap-filling of NEE fluxes was performed using the on-line standard tool ({HIPERLINK: “http://www.bgc-

jena.mpg.de/bgc-mdi/html/eddyproc/index.html”}}. Only values that passed the Foken and Wichura 

test were provided as original data. The methodology is similar to Falge (2001) but accounts for both the 

temporal autocorrelation of fluxes with meteorological variables, and the temporal autocorrelation of 

the fluxes (Reichstein et al., 2005).This algorithm identifies three different conditions: i) in the case all 

meteorological data are available the missing value is replaced by the average value under similar 

meteorological conditions within a time-windows of 7 days. Meteorological conditions are considered 

similar when Air Temperature (Tair), global radiation (Rg) and Vapour Pressure Deficit (VPD) do not 

deviate more than 2.5°C, 50 W m-2, and 5.0 hPa respectively. If no similar conditions are present in the 

same time window, the averaging window is increased to 14 days; ii) In the case only Rg is available 

http://www.bgc-jena.mpg.de/bgc-mdi/html/eddyproc/index.html�
http://www.bgc-jena.mpg.de/bgc-mdi/html/eddyproc/index.html�
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among the meteorological data, the same approach is applied, with similar meteorological conditions 

defined only by an Rg deviation lower than 50 W m-2, and windows size is not increased; iii) when also 

Rg is not available, the missing data are replaced by the average value of the same time of the day of 

adjacent days. Filled data are classified into three categories (A = best, B = acceptable, C = dubious) 

based on the method and the windows size used. The classification is based on the notion that the 

estimation of the missing data improves with the knowledge on meteorological conditions and with the 

use of the temporal auto-correlation of the variables that favors smaller time-windows. The output file 

contains a variable fqc with values 0: no gap-filled; 1-3: gap-filled category A-C. 

Partitioning of NEE flux into GPP and Reco is provided by the already mentioned online tool. In this case 

the procedure foresees that NEE night-time data, according to a Rg threshold ratio of 20 Wm-2, are 

defined as ecosystem respiration (Reco). Data are then split into consecutive periods of 10 days length 

and each period is checked to see if there are larger than six points available and whether the 

temperature range is more than 5°C, since only under this condition a reasonable regression of Reco 

versus temperature can be expected. For each of those periods where the criteria are met, the Lloyd 

and Taylor (1994) regression model 

0
0 0

1 1

e e ,R ( ) R ref
E

T T T T
co co refT e

  − − −  =       (2) 

 is fitted to the scatter of Reco versus Air Temperature (T). Parameters Tref and T0 (10 °C and -46.02°C 

respectively) are kept constant as in the original model, while the activation energy (E0) which 

essentially determines the temperature sensitivity is allowed to vary. The three estimates of E0 with the 

smallest standard error are assumed to best represent the short-term temperature response of Reco 

and are averaged, resulting in a E0,avg values for the dataset. Subsequently, the respiration at the 

reference temperature (Reco,ref) is estimated from the night time data for consecutive intervals of 4 days 

using the non-linear regression of the Reco data versus temperature according to equation (2) , where E0 

is fixed to E0,avg value. The estimated values of Reco,ref is then assigned to the central time point of the 

period and linearly interpolated between periods. The results is that for each half hour the parameters 

E0 and Reco,ref are available and are used to estimate Reco as a function of that Air Temperature that 

have also been used to derive the parameters. 

A large gap in the measurements of the CO2 net ecosystem exchange occurred in the first five months of 

2011 due to a wrong signal provided by the anemometer. This malfunctioning happened during the 
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winter season where no clear daily pattern of NEE occurred and thus it was difficult to identify. The size 

of the gap impeded to fill the missing values of this period with the procedure described above. 

2.5 Light response curve  

A rectangular hyperbole model was fitted to the light response curves for Gp (Ag) measured during the 

three summer months (June, July and August) of each year. These months were selected because of the 

high photosynthetic activity which characterizes that period: 

max

max
g

A QA
Q A

α
α

=
+

         (3) 

Where Q is the incident PPFD (µmol m-2s-1), Amax is the maximum Gp (µmol m-2s-1) with unlimited PPFD, 

and α (mol CO2 mol-1 of photons) is the initial slope of the light response curve that represents the 

apparent quantum yield. This equation was fitted using those half hourly day-time (PPFD > 25 µmol m-2s-

1) values of GPP and PPFD for each month where the measured NEE values passed analysis of stationary 

conditions for CO2 turbulent flux and of Integral Turbulent Characteristic (ITC) following Foken and 

Wichura (1996). 

 

2.6 Interaction of C fluxes with environmental variables 

On the attempt to assess a model that describes the daily NEE-GPP and Reco data (g C m2d-1), we 

selected five explanatory variables due to their mechanistic relation with the response variable. Four of 

them describe environmental aspects: Tair, °C (mean daily value), SWC, m3m-3 (mean daily value), PPFD, 

µmol m-2s-1 (mean daily value), VPD, hPA, (mean daily value), while the last one, leaf area index (LAI, 

m2m-2, daily value linearly interpolated from periodic measurements) reflects physiological conditions. A 

correlation among the considered variables (both response and explanatory) was carried out through a 

series of plots using function pairs in the R software. An analysis of the complex interaction between 

explanatory variable and their relative importance on the response variable was performed assessing a 

tree model for each response variable. Tree model is fitted using binary recursive partitioning in which 

each explanatory variable is assessed in turn and the variable explaining the greatest amount of 

deviance in y is selected. Deviance is calculated on the basis of a threshold in the explanatory variable; 

this threshold produces two mean values for the response: a high value is the mean above the threshold 
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and low value is the mean below the threshold. This approach was chosen essentially because of the 

efficiency of tree models in providing a clear picture of the structure of the data (Crawley, 2007).  

Since all the explanatory variables were continuous, we proceeded to identify the minimum adequate 

model to describe daily values of NEE, GPP and Reco (g C m-2d-1) with the multiple regression approach: 

i i i iy xβ ε= ∑ +         (4)  

Where the ith data point yi is determined by the level of the linear predictor (summation term) which can 

involve many explanatory variables, non linear terms and interactions. In our case, we started by fitting 

the maximal model which included the five explanatory variables discussed above, their respective 

quadratic term and all the possible interaction among them. We carried out the modeling process on a 

reduced dataset constituted of months 1-3-5-7-9-11 (2010) and months 6-8-10-12 (2011), for a total of 

273 data points. The 2009 year was not considered because LAI was not measured. Following the 

principle of parsimony (Occam´s razor), which requires that a model should be as simple as possible, we 

then carried out a simplification of the complex model by stepwise deletion of non-significant terms. To 

account for the fact that the order in which variables are deleted from the model will influence the 

explanatory power attributed to them, we began the stepwise deletion process removing first non-

significant interaction terms, then the non-significant quadratic terms and finally the non-significant 

explanatory variables. Within each group, the parameter with the highest p factor was eliminated first. 

The deletion process continued until all parameters left were significant (p < 0.05) and a significant 

increase in deviance was observed when removing another variable from the current model.  

At this point the assumptions of constancy of variance and normality of errors were checked by plotting 

apposite model checking plots. In the case in which heteroscedasticity and non normality were 

observed, we continued improving the model by transforming either the response or the explanatory 

variables. A way to find the optimal transformation of the response variables is the Box-Cox 

transformation which aims to find the power transformation, λ (lambda), that maximizes the likelihood 

when a specific set of explanatory variables is fitted to 

1yλ

λ
−

          (5)
 

as the response (Crawley, 2007). 
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When two or more models were established for the same response variable, i.e after that several kinds 

of transformations were applied to response or explanatory variables, the Akaike´s  Information 

Criterion  (AIC) was used to select the model which ensured the best fit.  

The complementary dataset (months 2-4-6-8-10-12, 2010 and 7-9-11, 2011) was used to test the 

performance of the minimum adequate model established for each response variable (NEE, GPP and 

Reco) trough plotting measured versus modeled values and assessing the modeling efficiency (MEF) 

defined as 

2

1

2

1

( )
1

( )

N

i i
i
N

i
i

OBS SIM
MEF

OBS OBS

=

=

−
= −

−

∑

∑
      (6) 

Where OBSi and SIMi are the corresponding observed and simulated values (Janssen and Heuberger, 

1995). In contrast to the r2 value, the modeling efficiency not only measures the association (or 

correlation) between modeled and observed data but also their coincidence, and it is sensitive to 

systematic deviations between model and observation (Smith et al., 1996, Reichstein et al., 2003).  

The entire inspection process of all the correlations between the considered variables and their complex 

interactions as well as the modeling procedure, was carried out with R statistical software (R 

development core team, 2008). 
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3. RESULTS 

3.1 Environmental conditions 

Variation in weather conditions for the growing seasons 2009 – 2011 (March-November) is summarized 

in Table 1. Mean temperature of the growing season was 15.7 ± 0.45 °C (mean ± SD), 0.7 ° C above the 

historical mean (HM). A higher difference (+ 1.1°C) occurred between actual and historical minimum 

mean daily temperature, with peaks in April (+ 1.5°C), August (+ 1.8°C) and November (+ 2.2°C). 

Historically, the warmest month of the year is July, while for 2009 and 2011 it was August. 2009 was the 

warmest growing season of the considered period.  

Total solar radiation, with small differences among years, reached its maximum in July (700 ± 29 MJ m-2), 

while the annual sum was 4497± 107 MJ m-2. Mean daily maximum VPD reached its highest value in July 

for the growing season 2010 and 2011 (respectively 29.8 and 24.1 hPa) and in August for the growing 

season 2009 (27.1 hPa). Historical precipitation for the considered 9 months was 709 mm. Roughly 180 

mm above HM values were measured in 2010, 2011 was close to HM value while in 2009 rainfall was 

approximately 150 mm below HM with the highest discrepancies occurred in May (-80 mm) and in 

October (-50 mm). The differences in the precipitation pattern that were observed during the 3 years 

did not reflect the variation in soil water content, which was much less pronounced since irrigation was 

practiced in order to maintain the volumetric SWC at high levels. Considering that Permanent Wilting 

Point and the Field Capacity of the field were respectively 9.8, 24.0 % of volumetric SWC, it appears clear 

from figure 1 how soil water availability was in general not limiting factor for tree growth and 

productivity. 

 

3.2 NPP and LAI trends 

Figure 2 shows daily NPP accumulation in each considered ecosystem components. NPPfr and NPPwbg 

was added together to form the NPP belowground (NPPbg) component (Fig 2 D). Total daily NPP is 

reported in figure 2-E.  Net primary production started after budburst, which happened earlier in 2011 

respect to 2010 (12 and 18 March respectively). At the beginning of the growing season (April and May), 

the rate of net C accumulation in leaves was higher in 2011 respect to 2010. A similar trend was found in 

April for NPPf, while, later in the season, the allocation rate to this component was lower in 2011 than 
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2010. Allocation to woody organs was higher in 2011, while no clear distinction appeared in the 

allocation pattern to belowground organs and understory. From the summation of all the considered 

NPP components, total daily NPP resulted to be higher in 2011 respect to 2010 in the early stage of the 

season, and lower from the beginning of the summer till leaf fall, with the highest differences occurring 

in July, (for both seasons the month with the highest NPP, 6.6 ± 1.1 and 6.0 ± 1.0 g C m-2d-1 in 2010 and 

2011 respectively). Total yearly NPP was 960 ± 70 g C m-2 in 2010 and 988 ± 58 g C m-2 in 2011.  Total 

NPP allocated to fruits was 495 ± 35 g C m-2 y-1 in 2010 and 468 ± 52 g C m-2 y-1 in 2011. In 2009, 2010 and 

2011, marketable fruit production exported from the ecosystem was 45.2 ± 5.1, 74.4 ± 5.5 and 62.9 ± 7.0 

t fresh weight ha-1 respectively. 

The seasonal trend of leaf area index (figure 3), reflected the fact that trees were not pruned in 2011 so 

LAI was constantly higher respect to 2010. In both seasons we observed a sharp increase of LAI from 

budburst till mid May followed by a less steep increase until July where the maximum LAI was reached 

(2.8 ± 0.1 m2m-2 in 2010 and 3.3 ± 0.2 m2m-2 in 2011). A sharp LAI decline was observed from mid 

October till December, when leaf fall was completed.  

 

3.3 Energy balance (evaluation of eddy covariance measurements) 

We calculated the surface energy balance of the apple orchard on a daily basis in order to assess the 

accuracy of the eddy covariance measurements as follow: 

nR H E Gλ= + +         (7) 

Where Rn is net radiation, H is sensible heat flux, λE is the latent heat flux and G is the soil heat flux. The 

linear correlation between the sum of sensible and latent heat flux and available energy had a slope of 

0.757, indicating that the eddy covariance measurements, also considering the amount of short wave 

radiation used for the metabolism of the plants, likely underestimates the sensible and/or latent heat 

fluxes.  
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3.4 Diurnal trend of NEE and environmental variables 

Figure 4 shows the mean diurnal pattern of NEE and Gp (Gross photosynthesis) and the environmental 

variable Tair, VPD and PPFD of every month in which eddy covariance measurements were carried out. 

Following common micrometeorological sign convention, positive values of NEE represent a release of 

CO2 from the ecosystem surface (upward fluxes) and negative values represent an uptake by the surface 

(downward fluxes). NEE started to become negative on average when the flux of available 

photosynthetic radiation (PPFD) was above 250 µmol m-2 s-1 and returned positive around 6-7 pm during 

the summer months and 5-6 pm in September – October in close relation to available photosynthetic 

radiation (PPFD between 200 and 300 µmol m-2 s-1). Negative peaks of NEE occurred between hours 11 

and 14 with the absolute mean highest values recorded always August (14.9 ± 4.0 µmol CO2 m
-2 s-1 for 

2009; 16.2 ± 7.3 µmol CO2 m-2 s-1 for 2010 and 17.8 ± 7.8 µmol CO2 m-2 s-1 for 2011). Gross 

photosynthesis followed the same diurnal pattern of NEE with absolute mean highest values always 

recorded in August in the same day time period of NEE peaks (19.1 ± 4.0 µmol CO2 m
-2 s-1 for 2009; 20.6 

± 7.7 µmol CO2 m-2 s-1 for 2010 and 23.5 ± 8.0 µmol CO2 m-2 s-1 for 2011). A well distinct time lag 

(approximately 3 hours) was observed between maximum VPD and Tair (which occurred normally 

around 3 pm) and peaks of NEE and Gp in every months in which the ecosystem was photosynthetically 

active, while a less pronounced time lag occurred between C fluxes peaks and the available 

photosynthetically active light (PPFD peaks between hours 12 and 13, Fig 4). 

On yearly basis, the months in which a clear pattern of daylight ecosystem CO2 absorption from the 

atmosphere was observed were April-October, while from November until March, the apple orchard 

acted as source of carbon to the atmosphere.  

 

 3.5 Light response curve 

The light response curve during the three summer months (June – July and August) was calculated using 

equation (3). No apparent light saturation of photosynthesis was observed. The highest Amax in 2009 was 

observed during August (-27.5 µmol CO2 m
-2 s-1), in 2010 during July (-37.0 µmol CO2 m

-2 s-1), and in 2011 

during August (-38.2 µmol CO2 m
-2 s-1, Figure 5). On average, a higher GPP at maximum PPFD (Amax) was 

observed in the 2010 summer months (-34.0 µmol CO2 m
-2 s-1) respect to 2011 and 2010 (respectively -

28.0 and -23.6 µmol CO2 m
-2 s-1). The apparent quantum yield (α) was similar for 2009 and 2010, with an 
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average of the measured values of respectively -0.0243 and -0.0256, while differed for 2011 where an 

average value of -0.0436 was observed for the three summer months.  

 

3.6 Interaction of C fluxes with environmental variables 

3.6.1 NEE 

Correlations among NEE and all the considered explanatory variables are shown in figure 6a. The 

response variable NEE is shown on the y axis of the top row of panels: there is a strong negative 

relationship with PPFD, VPD, Tair and LAI, while a rather unclear but positive relationship appeared with 

SWC. 

From the analysis of the fitted tree model, it emerged a rather simple structure of interaction between 

explanatory variables, with variation in NEE explained by only LAI and PPFD (Fig. 6b). The most 

important explanatory variable was LAI, and the threshold separating high and low NEE was a LAI value 

of 1.16 m2m-2. In the left hand branch of the tree a subtle effect of PPFD exists on mean NEE value. 

When PPFD (daily average) is lower than 11.31 µmol m-2s-1, average NEE is 1.26 g C m-2d-1, when, on the 

contrary, it is above, NEE is 0.45 g C m-2d-1. For LAI values > 1.16 m2m-2 (right hand limb), PPFD has again 

a significant impact on NEE. When the daily average photosynthetic active photon flux density is below 

13.20 µmol m-2s-1, average NEE is 0.52 g C m-2d-1, when PPFD is comprised between 13.20 and 22.93 

µmol m-2s-1, average NEE was -1.41 g C m-2d-1. When PPFD is above 22.93 µmol m-2s-1, LAI has again a 

significant impact on NEE: if it is below 2.85 m2m-2, average NEE was -2.76 and if above average NEE was 

-3.88 g C m-2s-1. 

The minimum adequate model obtained for NEE after stepwise deletion of all non-significant 

parameters was the following: 

modNEE   * * * *a b PPFD c VPD PPFD SWC d PPFD SWC LAI= + + +   (8) 

 

Estimated parameters (a, b, c and d) are presented in table 2. A square root transformation of PPFD, LAI, 

VPD and SWC was performed to improve variance and normality distribution of residual of the fitted 

model. The presented minimum adequate model describing NEE data had an intercept plus only three 

highly significant parameters: transformed PPFD, a three way interaction between transformed PPFD, 
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VPD and SWC and a second three way interaction between transformed PPFD, VPD and LAI. The NEE 

model explained almost 80% of the variance in observed NEE (adj r2 =0.797). Four plots assessing model 

performances (residuals against fitted values; a normal QQ-plot, a scale-location plot of square rooted 

residuals against fitted values and a plot of residuals against leverages) are presented in figure 7a. 

Conditions of homogeneity distribution of the residuals and normality of errors were verified by the 2 

plots of figure 7a.   

 Modeling efficiency (MEF), assessed with equation (6) on the complementary dataset, was 0.788 and 

indicates a good predictive power of the model.  The measured versus predicted values obtained using 

the complementary dataset is reported in figure 7b. The coefficient of determination of the linear 

relationship (adj r2 = 79%) showed a good correlation between measured and predicted values while the 

slope of the reported equation (0.79) indicates a conservative prediction of the model with and 

underestimation of both positive and negative fluxes of NEE in a way that may balance out and reduce 

cumulative errors. 

 

3.6.2 GPP 

Exploration of correlations among GPP and all the considered explanatory variables was conducted in 

the same way as for NEE (fig 8a). Strong positive correlations were found with Tair and LAI. A positive 

correlation with a hint of saturation emerged with PPFD and VPD while a negative correlation with SWC 

was observed. 

The most important explanatory variable was LAI and the threshold value separating high and low 

values of GPP is close to 2 m2m-2 (Fig 8b). When LAI is below 0.8, average daily GPP is 0.35 gC m-2d-1, 

When LAI is between 0.8 and 2, GPP is 2.70 g C m-2d-1. The right hand branch of the tree indicates that 

PPFD has a significant effect on GPP. At low values of PPFD (< 25.3 µmol m-2s-1), Tair is a significant 

explanatory variables with GPP being on average 2.49 if Tair < 15.5 °C, and 4.90 g C m-2d-1 if Tair is above 

that threshold. At high values of PPFD (> 25.3 µmol m-2s-1), GPP is described by different levels of LAI 

(2.19, 2.82, 2.84, 3.01). 

The minimum adequate model describing daily GPP was the following: 
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2 2
modt ( * )GPP a bVPD cPPFD dLAI ePPFD fLAI g VPD PPFD= + + + + + + +    

  ( * ) ( * ) ( * * )h Tair PPFD i VPD LAI j VPD Tair PPFD+ + + +    (9)

 
( * * ) ( * * ) ( * * )k VPD PPFD SWC l VPD Tair LAI m VPD LAI SWC+ + +

   

Coefficients for all the significant parameters retained in the model are listed in table 3. In order to 

optimize the variance and normality distribution of the residuals, a Box Cox transformation was applied 

to the response variable following equation (5). The λ value that maximized likelihood of GPP was 0.43 

which need to be considered before to obtain the true value of modeled GPP: 

1
0.43

mod mod(1 *0.43)GPP GPPt= +         (10) 

Twelve significant parameters were kept after the stepwise deletion process was completed: three 

linear terms, two quadratic terms, three two-ways interactions and four three-way interactions. No 

trend in the size or degree of scatter of the residual was observed (Fig 9a). Normality of error condition 

was also ensured by the same series of plots of figure 9a. In figure 9b, the linear relationship original 

GPP (GPPfp) and modeled GPP (GPPmod) obtained using the complementary dataset is showed. Almost 

90% of the deviation was explained by the model (adj r2 = 0.894) with a slope of 0.946 ± 0.013. Modeling 

efficiency was also calculated using the complementary dataset and was 0.894 indicating a good 

predictive power of the model. 

 

3.6.3 Reco 

Ecosystem respiration showed a positive correlation with Tair and LAI while it was negatively correlated 

with SWC (Fig 10a). The correlation of Reco with both PPFD and VPD is positive but it saturates between 

30 and 40 mean daily µmol m-2s-1 of PPFD and between 10 and 15 hPa of mean daily VPD.  

From the tree model´s analysis, Tair was explanatory variable which explained the highest amount of 

variance of Reco data, with a threshold value separating low and high value of Reco of 14.2 °C (Figure 

10b). The model showed also significant impacts of LAI and SWC on ecosystem respiration, with the 

lower mean Reco value (0.74 g C m-2d-1) occurring in days with Tair < 14.2 °C and LAI close to zero, and 

the higher mean Reco value (5.51 g C m-2d-1) occurring when LAI is between 2.8 and 3.0 m2m-2 and air 

temperature above 20 °C. 
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The minimum adequate model describing Reco daily data was 

2
modRe t ( * ) ( * )co a bPPFD cLAI d PPFD VPD e PPFD Tair= + + + + + ( * )f Tair LAI +  

 ( * * ) ( * * )g PPFD VPD Tair h PPFD VPD SWC+ + + ( * * )i VPD Tair LAI +   (11) 

 
( * * ) ( * * )j Tair LAI SWC k PPFD Tair LAI+

 

Ten parameters out of the 37 of the initial model were kept at the end of the stepwise deletion process 

due to their high significance in explaining Reco variation. Coefficients of the parameters are listed in 

table 5. The model explained 82 % of the variance in Reco. A BoxCox transformation (eq. 5) was carried 

out to improve model fitting to the data and the λ value which maximized the likelihood of Reco was 

0.69. In order to obtain true value of modeled ecosystem respiration, the Recotmod was modified as 

follows: 

1
0.69

mod modRe (1 Re t *0.69)co co= +      (12) 

The absence of trends in residuals was verified (Fig 11a). QQ plot showed a curvature in the lowest part, 

but further transformation of explanatory variables did not improve model performances. The model 

was kept as the best minimum adequate model describing Reco data based on the lower AIC number. 

Relationship of predicted versus original Reco values is showed in figure 11b (adj r2 = 0.836;  slope = 

0.839 ± 0.013). It was assessed on the complementary dataset similarly to the modeling efficiency, 

which was 0.836. 

 

3.7 Seasonal and interannual C fluxes 

The C fluxes measured (NEEmeas) and derived via flux partitioning of night–time NEE value (Recofp and 

Gpfp) during the three year considered in the present study, are reported in figure 12 integrated over a 

daily base (g C m-2d-1). A large gap occurred from January 1 till May 31, 2011 due to instrument failure. 

Predicted values obtained using the multiple regression models described above for each of the three C 

fluxes are also presented in figure 13 and these values were used to fill the mentioned gap occurred in 

2011. GPP is reported in a negative form (Gp) in respect to micrometeorological convention of 

downward fluxes (as photosynthesis) as previously reported by Flanagan et al. (2002).  
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NEE fluxes were higher in 2010 and 2011 respect to 2009. The maximum daily NEE in 2009 was -3.6 g C 

m-2d-1 and occurred three times along the summer season (June 14, July 22 and August 02). In 2010 

there was a peak on NEE fluxes around the end of June where a maximum daily NEE of -6.9 g C m-2d-1 

was reached. In 2011, the maximum daily NEE occurred on an isolated day in September (-6.4 g C m-2d-1) 

with an anomalous high air temperature, while a more prolonged peak of high NEE was observed 

between the end of July and the first week of August, with values ranging from – 5 to -5.5 g C m-2d-1). 

The maximum gross photosynthesis (Gp) in 2009 occurred quite homogeneously throughout the 

summer months with values ranging from -6.5 and -7.5 g C m-2d-1, with a maximum of -8.4 g C m-2d-1 

(21/08). Gp fluxes were generally higher in 2010, with a peak of -10.1 g C m-2d-1 reached in August. In 

2011 the peak of Gp was the highest of the three considered years (-11.8 g C m-2d-1) and occurred at the 

beginning of August within a period of high Gp activity. 

Differences in the ecosystem respiration (Reco) were not so marked among the three considered years. 

Maximum Reco occurred in the second half of August in 2009 (5.9 g C m-2d-1) and at the beginning of 

August in both 2010 and 2011 (5.7 and 6.3 g C m-2d-1 respectively). An anomalous peak of Reco took 

place in November 2011 with values close to those registered in summer.  Yearly cumulated data of the 

three C fluxes described are listed in table 5 along with the total NPP assessed through biometric 

measurements in 2010 and 2011. 

In figure 13, the cumulated value of the Net Ecosystem production over the three years is presented. On 

average, the ecosystem starts to be a net sink of Carbon between full budburst and full bloom, which 

happened in the first half of April for 2009 and 2010 and in the second half of March for 2011. The “sink-

period” lasted on average 220 ± 7 days (mean ± SD) and ended in the first half of November, when 

major leaf fall occurred. The “source-period” lasted 141 ± 7 days (mean ± SD). Data of cumulated NEP 

for each sink-source season is presented in table 6. On average, during the sink season, the ecosystem 

was able to capture 450 ± 110 g C m-2; 2011 was the year with the highest NEP, approximately 100 g C 

m-2 above the mean.  Only two complete source-periods were monitored, and during this winter time 

the ecosystem lost on average 95 ± 30 g C m-2. 
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4. DISCUSSION 

4.1 Environmental conditions, NPP and LAI over the considered period 

Light is known to be the most important environmental factor affecting photosynthesis an consequently 

dry matter production and partitioning (Corelli Grappadelli and Sansavini, 1988; Blanke and Notton 

1992). In fruit orchards it also influences flower bud differentiation, fruit set, fruit color and quality and 

it may induce both anatomical and physiological differences in leaves formed in shade or in light 

conditions (Tustin et al.,  1992,  Corelli Grappadelli et al., 1994, Wünsche et al., 1996). Modern orchards 

designs, intended as tree form, planting density and row spacing and orientation, were developed in 

order to ensure an elevated capacity for light interception and a good distribution of light throughout 

the canopy, and thus maximize tree efficiency (Corelli Grappadelli, 2003). The orchard in which the 

present work was conducted meets these conditions of high density planting (3300 trees ha-1) and tree 

height (3.6 to 4.0 m) and thus has the potential for high photosynthetic response. 

No particular differences were observed in the environmental conditions of the three considered 

growing seasons and mean values of the considered parameters were close to the historical average 

data of the area (tab 1). It is worth to stress here the fact that availability of photosynthetic active 

radiation is crucial in orchard productivity because other fundamental environmental parameters such 

as nutrient and water availability are artificially kept within optimal ranges by irrigation and nutrient 

supply, contrary to what happens in natural ecosystems, where they may represent limiting factors for 

the optimal growth.  

Periodic measurements, carried out in 2010 and 2011 seasons, reflected the fact that the apple trees 

were not pruned during the latter year as a strategy to avoid alternate bearing following the highly 

productive 2010 season. This led to some important differences in the structure of the trees between 

the monitored seasons which were observable in both NPP and LAI measurements. Pruning is an 

agronomic practice which is commonly carried out during the dormant season in apple orchard to keep 

the correct balance between vegetative and reproductive organs. It influences the ability of the tree to 

acquire necessary resources such as water, light and nutrients, to produce dry matter and to partition 

the carbon and nutrients to vegetative and reproductive organs (Lakso and Corelli Grappadelli, 1992). 

The higher number of buds left on 2011 caused a development of a higher leaf biomass right after 

budburst and a higher LAI respect to 2010, which was monitored during the whole season. The presence 

of a higher number of growing points reduces individual shoot vigor and consequently their demand for 
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carbon, and induces more shoots to terminate the growth early (Lakso and Corelli Grappadelli, 1992). 

Despite no distinction between spur and shoot leaves were made in the present study, it is arguable 

from figure 2 that the higher number buds left in 2011 due to the absence of pruning,  caused a higher 

net primary productivity at the early stage of the growing season (probably due to a higher number of 

well exposed spur leaves) which decreased in later stage when a likely mutual shading effect of leaves 

occurred (Palmer, 1977; Blanke and Notton 1992) and contributed to the overall lower total NPP 

observed in 2011 after DOY 150. 

Along with light efficiency, fruit load is another important aspect which is known to influence the 

photosynthetic capacity of the apple trees, with a general increase in photosynthetic efficiency of leaves 

present in trees with high yields (Fujii and Kennedy,1985;  Palmer 1992, Wibbe and Blanke 1995; Giuliani 

et al., 1997; Wünsche et al., 2000, Tartachnyk and Blanke, 2004). In our case, fruit production was very 

high in 2010 (74 t ha-1 of fresh weight) and 2011 (63 t ha-1 of fresh weight), and lower in 2009 (45 t ha-1 of 

fresh weight), a fact that might contribute to explain the lower GPP values of 2009 

 

4.2 Variation of C fluxes over the season and response to light  

Half hourly values of the C fluxes and environmental variables were averaged for each month. The  

resulted diurnal pattern plotted on figure 4 gave a picture of the evolution of the Net ecosystem carbon 

exchange and Gross photosynthesis in relation with available active radiation (PPFD) at both daily and 

seasonal time scale.  

On a daily basis, at a given rate of PPFD, higher fluxes of Gp and NEE occur during morning hours respect 

to the afternoon, when, in spite of high levels of light intensity, a decrease after the diurnal peak 

(approximately at noon) was observed. In the morning, the threshold rate of PPFD above which the 

orchard acts as net sink of CO2 from the atmosphere appeared to be on average approximately 250 

µmol of photon m-2 s-1, although small variations were observed among the different months. Diurnal 

patterns of similar shape were reported previously for apple orchard (Wünsche et al., 2000, Corelli 

Grappadelli 2003) and are similar among different ecosystems (Steduto and Hsiao 1997; Röser et al., 

2002; Tang et al., 2005; Ribeiro et al., 2006, Rossi et al., 2007).  

On a seasonal time scale, clear diurnal patterns of C fluxes were observed starting from April, the first 

month after budburst, increased their amplitude until August and ceased in October, when leaf fall 
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commonly begin and coherently with the known occurrence of leaf senescence after fruit harvest 

(Tartachnyk and Blanke, 2004). 

Patterns of both environmental conditions and C fluxes among the same months of different year were 

surprisingly similar. Small differences were imputable to slightly different monthly environmental 

condition and to the higher LAI measured in 2011. 

 

4.3 Light response curve 

Comparing the data of photosynthesis obtained within this study with the available literature dealing 

with photosynthesis in fruit tree species, is not easy due to the intrinsic differences in the 

methodological approaches and their respective assumptions, which may also determine conceptual 

differences relative to what it is really measured. The two major techniques that have been adopted in 

previous studies included measurements obtained by analyzing single leaves (usually by portable 

instruments) or systems that enclose the entire tree canopy (Corelli Grappadelli e Magnanini, 1993, 

Giuliani et al., 1997).  The latter system, considering leaf photosynthesis as well as the respiration of 

photosynthetic and not -photosynthetic above ground organs, provides, over time, values that are equal 

to the sum of the NPP and the root respiration, thus overestimating NPP. If we, in turn, measure over 

time the of C exchange from one single leaf exposed at the light, we obtain an estimation of the net 

photosynthesis which is however not easy to upscale to the entire canopy considering the different 

structural and physiological properties of “sun” and “shade” leaves (Doud and Ferree, 1980; Flore and 

Lakso, 1989).  

The approach used in this study allowed instead to measure parameters relative to the whole soil-plant 

system at an ecosystem scale. At this stage it is therefore important to clarify that only less than 7% of 

total NPP was accounted by the herbaceous plants present in the orchard soil among tree rows, while 

the remaining can be attributed to the apple trees. We make therefore a relatively low error in 

attributing most of the results we observed to the performances of apple trees.  

The relationship between photosynthesis and PPFD was analyzed by fitting a Michaelis-Menten 

rectangular hyperbola model (4) using data from the three summer months of each year. As expected, 

photosynthesis never reached the saturation point even at PPFD close to the values of about 2000 µmol 

m-2s-1. This is in line with findings obtained in apple trees with systems that enclose the whole canopy 

(Corelli Grappadelli, 2003) and that differ substantially from typical light saturation curves obtained by 
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single leaves, showing saturation at values of PPFD generally close, in apple, to 800 µmol m-2s-1, and 

even lower in other fruit crops. In all the three summer months, at similar values of light intensity, 

higher values of assimilation were observed  in 2011, as a likely consequence of higher LAI values. The 

same reason could also explain the higher (in absolute terms) quantum yield (alfa values) always found 

in 2011, a fact that suggests that not-pruned trees were more efficient in using light at low intensity 

levels (Corelli Grappadelli, 2003).  

 

4.4 Multiple regression approach 

The availability of a large dataset allowed us to study which parameter have the major effect on the 

carbon fluxes. In this respect, the “Tree models” approach proved to be a useful tool. The levels of light 

intensity and of LAI, as expected, controlled largely the NEE and GPP. The highest NEE and GPP values 

were obtained with LAI above 2.8 m2m-2 and with a mean daily PPDF values above 25 µmol m-2s-1.   

Maximum LAI values above 3 are not the case in modern apple orchards, but is should be noticed that 

“Fuji” is a vigorous  variety of apple, able to develop relatively  high LAI values, even if grafted on low 

vigorous rootstocks.  

Temperature was the environmental parameter with the strongest effect on ecosystem respiration, a 

fact that agrees with current scientific knowledge (Lloyd and Taylor, 1994) albeit it is important to recall 

that Reco values may be influenced by the adopted flux partitioning method described above.    

Within the multiple regression approach that was undertaken to assess the best minimum adequate 

model to describe NEE, GPP and Reco values, the initial point contemplated all the explanatory variables 

(linear terms) their quadratic values and all the possible interactions among them, for a total of 37 

parameters plus the intercept. The assumption that requires that the number of observations (217) are 

at least three times higher than the number of parameters (Crowley, 2007) was respected. After that 

progressive stepwise deletion of non-significant terms and transformations was carried out as explained 

above, we ended up with three models which were able to predict the carbon fluxes in a satisfactory 

way. NEE model (8) was the one with the lowest number of parameters, only four, while for GPP and 

Reco models, a relatively high number of parameters (respectively 13 and 11) resulted highly significant 

at the end of the modeling process. The complexity of the models, due to the presence of transformed 

variables, a high number of parameters and up to three way interaction parameters, makes it hard to 

interpret the model and understand the relative weight of each single explanatory variable, which in 
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turn were described by the “tree model” discussed above. The equation, in turn,  showed an elevated 

predictive power which was firstly successfully tested on a large complementary dataset and then used 

to estimate daily C fluxes  that we lost during the first five months of 2011. 

 

4.5 Cumulative C fluxes 

Among the three monitored years, the highest cumulated C fluxes for each component (NEP, GPP and 

Reco) were observed in 2011, the lowest in 2009 (tab. 5). In 2009 the dataset is not complete for all the 

months, but it is unlikely that accounting for the period January 1st to late March could have increased 

the absolute values of NEE and GPP. Fruit production was higher in 2010 (74 t ha-1) and lowest in 2009 

(45 t ha-1). In 2011 fruit production was 63 t ha-1. NPP and LAI measurements were carried out only in 

2010 and 2011. Harvest index, the ratio of fruit NPP over total NPP was 0.52 and 0.47 in 2010 and 2011 

respectively. Since total NPP was slightly higher in 2011, HI indicates a different partitioning of 

photosynthates, which were allocated with a larger proportion to wood and leaves in 2011 respect to 

2010. This reflected the fact that trees were not pruned in the latter season.  

The ratio between NEP and GPP was constant in 2010 and 2011 (0.32), while the carbon use efficiency 

(CUE, NPP over GPP) was higher for 2010 respect to 2011. Considering that Reco is given by the sum of 

autotrophic (Ra) and heterotrophic (Rh) respiration, it is likely that the presence of a higher quantity of 

vegetative organs in 2011 increased the maintenance costs (> Ra) as compared to 2010. These findings 

support the consideration made on the first part of this thesis (see chapter 2) where it was stated that 

an elevate fruit production (high HI) increases the CUE of the apple orchard. 

From the time in which eddy covariance measurements were initiated in late March 2009 till end of 

December 2011, the ecosystem showed a net assimilation a total of 1160 g di C m2. As expected, a 

marked seasonally variable sink/source behavior of the orchard was observed, coherently with the 

phenological phases indicated in figure 13. The apple orchard starts to act as a sink of carbon 

approximately 10 to 20 days after bud-burst and continued for about 2-3 weeks after harvest when the 

upward respiratory fluxes return to be higher respect to GPP. Important not-CO2 derived ecosystems 

carbon loss occurs at harvest when the fruit production leaves the ecosystem for commercial purposes. 

On averages over the three years, this lateral C flux accounted for 385 ± 93 g C m2 y-1, which 

approximately balanced out the yearly NEP.  
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5. CONCLUSIONS 

 

The net ecosystem carbon exchange fluxes of an apple orchard and the main environmental factors 

which may influence them were monitored in the present study for three growing seasons using the 

eddy covariance technique. In two of them (2010 and 2011) also NPP and LAI were assessed with 

periodic biometric samplings. A higher LAI and a larger allocation of photosynthates to vegetative organs 

were observed in 2011 respect to the previous year, likely reflecting the fact that trees were not pruned 

during the latter season.   

A pronounced diurnal pattern of the C fluxes was observed in those months in which the orchard acts as 

a net sink of carbon to the atmosphere (April-October). A distinct time-lag of approximately three hours 

occurred between daily peak of photosynthesis and maximum air temperature and VPD, suggesting a 

limiting effect of these environmental variables on the photosynthetic capacity of apple trees. 

The light response curve fitted to Gp data of the three summer months, revealed that apple trees 

canopy never reached the saturation point even at the maximum photosynthetically active radiation 

values. Among the three considered years, the quantum yield as well as the actual photosynthesis at a 

given available PPFD, was higher in 2011, probably because of the higher foliar biomass observed. 

The importance of light among the other environmental parameters was verified for both the daily 

integrated fluxes of NEE and for the GPP data, using the “Tree model” approach, although the most 

important explanatory variable was the leaf area index. The highest amount of deviance for ecosystem 

respiration was instead explained by air Temperature variation. A Multiple regression model with good 

predictive performances was assessed for each C flux (NEE, GPP and Reco) on a daily basis. 

As a response to the increased concern about the GHG emission from agricultural land, measurements 

carried out in the present work allowed to quantitatively assess the cumulated net ecosystem 

production of the orchard over three seasons, a value that approximately balanced the amount of 

carbon annually exported with the harvested apples. The models could also be used to simulate future 

scenarios resulting from changes in environmental factors. The data would support the hypothesis that, 

if we do not consider the direct or indirect C emissions due to orchard management, the production of 

apple fruits implies a minimal or null impact on net C emissions to the atmosphere from the orchard 

ecosystem.  
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FIGURE captions 

 

Figure 1.  Seven day moving average of the Soil Water Content along the 3 considered years. 

Figure 2. Annual course of the daily NPP for each considered ecosystem component for the 2 years in 

which biometric measurements were carried out (A-F). Fine and coarse root NPP were considered 

together (D).  Yearly trend of daily total NPP accumulation for 2010 and 2011 (E).    

Figure 3. Yearly trend of leaf area index (LAI) in 2010 and 2011. 

Figure 4. Mean diurnal trend of NEE and Gp (µmol CO2 m
-2s-1), PPFD (µmol m-2s-1), VPD (hPa ) and Tair 

(°C). For simplicity, the figures are assembled in three periods: January-April (a); May-August (b); 

September-December (c). NEE is missing in the first five months of 2011 (c) due to instrument failure. Gp 

values of may 2011 were obtained from partitioning of reconstructed NEE data with acceptable quality 

(fqc = 2).   

Figure 5. Relationship between photosynthetic active radiation (PPFD) and Gross photosynthesis (Gp) for 

the three summer months of each year. A rectangular hyperbole model was fitted to assess the light 

response curve of the orchard and parameter of Amax and α reported in each plot. Only Gp data with a 

quality label ≤ 1 were used to assess model´s parameters. 

Figure 6. (a) Exploration  of all the possible correlations among NEE (g C m-2d-1) and the explanatory 

variables used in the multiple regression model: PPFD (µmol m-2s-1), VPD (hPa), Tair (°C), SWC(m3m-3), 

LAI(m2m-2). (b) The tree model used to assess interactions between explanatory variables in explaining 

variation of NEE. 

Figure 7. Evaluation plots for the NEE multiple regression model (7a) after transformation of explanatory 

variables. Data of months 1,3,5,7,9,11 (2010) and 6,8,10,12 (2011) were used in the proposed modeling 

approach. The model was used to predict NEE values of the complementary dataset (months 

2,4,6,8,10,12 (2010) and 7,9,11 (2011)). (7b) Measured versus predicted values are plotted along their 

linear relation (blue line). Dotted line represent the 1:1 relation.   
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Figure 8. (a)Exploration  of all the possible correlations among GPP (g C m-2d-1) and the explanatory 

variables used in the multiple regression model: PPFD (µmol quanta m-2s-1), VPD (hPa), Tair (°C), 

SWC(m3m-3), LAI(m2m-2). (b) The tree model used to assess interactions between explanatory variables 

in explaining variation of GPP 

Figure 9. Evaluation plots for the GPP multiple regression model (a) after BoxCox transformation of the 

response variable GPP. Model testing approach was the same as for NEE so the linear relation between 

measured versus predicted values is plotted (green line, fig b). Dotted line represents the 1:1 relation.   

Figure 10. (a) Exploration  of all the possible correlations among Reco (g C m-2d-1) and the explanatory 

variables used in the multiple regression model: PPFD (µmol quanta m-2s-1), VPD (hPa), Tair (°C), 

SWC(m3m-3), LAI(m2m-2). (b) The tree model used to assess interactions between explanatory variables 

in explaining variation of Reco. 

Figure 11. Evaluation plots for the Reco multiple regression model (a) after BoxCox transformation of the 

response variable. Model testing approach was the same as for NEE so the linear relation between 

measured versus predicted values is plotted (red line, fig b). Dotted line represent the 1:1 relation.   

Figure 12. Overall course of the Carbon fluxes for the considered time period. Measured daily data of 

NEE , Gp and Reco data (g C m-2d-1) derived from flux partitioning are presented with black bars. 

Predicted values for NEE, Gp and Reco obtained through the proposed models are plotted with a blue, 

green and red line respectively. 

Figure 13. Cumulative net ecosystem production (g C m-2) of the studied apple orchard for the period 

2009-2011.  Occurrence of the main phenological phases are indicated (BB= budburst; FB=full bloom; H 

= harvest). 
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TABLES 

Table 1. Comparison of environmental conditions during growing season in Caldaro  for the period 2009-
2011. Historical Mean data (1980-2009) were collected by the meteorological station of the Laimburg 
research center for Agriculture and Forestry, close to our study site. 

Variable Year Mar Apr May Jun Jul Aug Sep Oct Nov Mar-Nov 
Temperature, °C                       

Mean daily 
temperature 

2009 8.4 13.4 19.7 20.9 22.1 23.9 18.3 12.0 6.2 16.1 
2010 8.0 13.0 16.5 21.3 24.4 21.3 16.4 9.9 6.2 15.2 
2011 8.9 15.1 18.5 20.1 21.1 22.9 19.5 10.9 5.2 15.8 

HM 8.5 12.3 16.8 20.1 22.2 21.4 17.5 11.7 4.7 15.0 

Mean daily minimum 

2009 1.7 7.6 12.5 14.4 15.6 17.8 13.0 7.0 2.6 10.3 
2010 2.7 6.4 11.4 15.1 17.6 16.1 11.3 5.8 3.5 10.0 
2011 3.3 7.8 10.9 15.0 14.8 16.4 14.0 5.9 0.8 9.9 

HM 1.9 5.8 10.3 13.5 15.4 15.0 11.2 6.7 0.1 8.9 

Mean daily maximum 

2009 14.6 19.7 26.4 27.3 28.6 30.7 24.7 18.6 11.5 22.4 

2010 13.8 19.9 21.5 27.1 31.0 27.3 22.5 15.7 9.9 21.0 

2011 15.5 22.5 25.7 25.7 27.6 29.7 26.5 18.3 12.4 22.6 

HM 15.7 18.9 24.1 27.0 29.3 28.9 24.4 18.4 11.1 22.0 

Total solar radiation, 
MJ m-2 

2009 425.3 481.3 680.1 701.0 690.8 652.7 442.5 336.1 161.1 4571.0 

2010 382.4 568.5 609.6 682.0 732.3 568.8 442.5 255.8 131.9 4373.8 

2011 398.3 599.8 706.1 575.1 676.8 618.3 450.9 323.8 195.5 4544.7 

HM 380.2 472.1 577.5 607.0 652.0 564.4 417.6 264.3 163.2 4098.3 

Mean daily max. VPD, 
hPa 

2009 n.a. 15.2 24.0 23.7 23.7 27.1 17.0 12.5 5.7 18.6 

2010 10.8 17.0 16.0 23.0 29.8 20.6 14.7 8.3 3.9 16.0 

2011 11.8 20.0 22.8 17.7 24.1 19.3 18.9 11.6 6.7 17.0 

HM n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

Total precipitation, 
mm 

2009 65.1 64.3 6.6 50.6 92.0 69.4 81.2 30.6 93.0 552.8 

2010 62.8 49.6 100.4 70.4 47.4 175.6 126.8 124.8 141.0 898.8 

2011 41.8 42.6 77.6 107.0 30.6 173.4 136.2 124.4 15.2 748.8 

HM 44.1 58.3 87.1 89.4 98.2 96.9 79.6 81.7 74.1 709.4 

Soil Water Content, 
m3m-3 

2009 n.a. 38.1 32.8 25.9 31.2 30.6 29.4 23.7 32.4 30.5 

2010 33.3 33.1 33.4 24.7 23.6 30.9 35.7 35.8 39.9 32.3 

2011 33.4 30.7 30.1 31.0 32.0 30.6 29.0 28.8 28.9 30.5 

HM n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
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Table 2. Estimated parameters for the minimum adequate model describing NEE data. 

NEEmod Estimate Std.Error Pr(>|t|) 
a 2.74030 0.25277 < 0.001 
b -0.71101 0.10530 < 0.001 
c 0.02400 0.00426 < 0.001 
d -0.06919 0.00449 < 0.001 

 

 

Table 3. Estimated parameters for the minimum adequate model describing GPP data 

GPPtmod Estimate Std.Error Pr(>|t|) 
a -2.02519 0.11738 < 0.001 
b -0.23151 0.06396 < 0.001 
c 0.06576 0.01411 < 0.001 
d 2.38615 0.18108 < 0.001 
e -0.00246 0.00046 < 0.001 
f -0.52398 0.07233 < 0.001 
g 0.03054 0.00596 < 0.001 
h 0.00538 0.00074 < 0.001 
i -0.40244 0.08309 < 0.001 
j -0.00064 0.00013 < 0.001 
k -0.00049 0.00012 < 0.001 
l 0.00667 0.00184 < 0.001 
M 0.00973 0.00219 < 0.001 
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Table 4. Estimated parameters for the minimum adequate model describing Reco data 

Recotmod Estimate Std.Error Pr(>|t|) 
A 0.26520 0.10150 < 0.01 
B -0.06279 0.01124 < 0.001 
C -0.29890 0.07537 < 0.001 
D 0.01598 0.00250 < 0.001 
E 0.00675 0.00097 < 0.001 
F -0.08499 0.02286 < 0.001 
G -0.00049 0.00007 < 0.001 
H -0.00036 0.00006 < 0.001 
I 0.00352 0.00085 < 0.001 
J 0.00475 0.00053 < 0.001 
K -0.00091 0.00022 < 0.001 

 

Table 5. Comparison of net ecosystem carbon productivity (NEP, g C m-2y-1) and the component terms 
gross primary productivity (GPP, g C m-2y-1) and  total ecosystem respiration (Reco,  g C m-2y-1). Total net 
primary productivity (NPP) biometrically measured in 2010 and 2011 is also reported.  

C fluxes,                 
g C m-2y-1 

2009 2010 2011 

NEP 290* 371 430** 
GPP 1010* 1164 1347** 
Reco 720* 815 917** 
NPP n.a. 960 988 

*  measurements started the 22th of March 2009 

** cumulated data of the first five months of 2011 are obtained from modeled data 
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Table 6. Successive periods in which the ecosystem acted as net sink or source of C to the atmosphere 
and quantification of the relative NEE cumulated. The average values (mean of day of switch ± 3 days, 
(SD)) of the main environmental variables in the days in which the apple orchard switches from being a 
net source to a net sink of C and viceversa are listed. 

Data 
ecosystem 

status 

length of 
period    
(days) 

cumulative 
NEE               

(g C m-2) 

day of 
switch  
(DOY) 

mean daily 
Air Temp            

(°C) 

mean daily 
PPFD       

(µmol m-2 s-1) 

mean daily 
VPD            

(hPa) 

7/04/2009 
   

97 14.5 (0.8) 36.7 (6.4) 8.5 (1.0) 

 
sink 218 -326 

    13/11/2009 
   

315 6.0 (2.3) 11.0 (5.5) 2.4 (0.8) 

 
source 146 75 

    6/04/2010 
   

96 11.6 (2.6) 35.1 (9.9) 7.4 (3.1) 

 
sink 213 -475 

    5/11/2010 
   

309 9.0 (1.3) 9.8 (6.2) 1.3 (0.7) 

 
source 136 116 

    20/03/2011 
   

80 9.4 (1.5) 24.7 (11.5) 6.4 (2.9) 

 
sink 227 -550 

    3/11/2011       307 9.0 (1.9) 8.7 (6.2) 1.2 (0.6) 
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Conclusions 

The main findings of the first part of this thesis (chapter 2) are that the main ecosystem carbon fluxes of 

a fruit tree ecosystem have a comparable magnitude with respect to deciduous forest growing at the 

same climate conditions, while the allocation pattern is strongly different. Approximately half of the net 

primary productivity of the orchard is allocated into fruits while allocation to vegetative organs such as 

leaves, wood and roots is preponderant in forests. Carbon use efficiency of the orchard is higher respect 

to forest, allowing us to reject, for this ecosystem type, the hypothesis that wants maintenance costs 

(autotrophic respiration) being half of the gross primary production. 

In the second part, the Carbon fluxes of the apple orchard for three growing seasons are reported. Clear 

patterns of photosynthesis and net ecosystem exchange were observed at daily basis and results were 

consistent among months of different years. The relationship with the main environmental drivers were 

assessed, and light, as expected, resulted the most influential parameters governing the diurnal amount 

of carbon exchanged at a given value of leaf area index. After having taken into account the acclimation 

effects, the established models could also be used to simulate future scenarios resulting from changes in 

environmental factors. 

As a response to the increased concern about the GHG emission from agricultural land, the cumulated 

net ecosystem production of the orchard over three seasons was quantitatively assessed in a value that 

approximately balanced the amount of carbon that annually was exported through the harvested 

apples. The presented data support the hypothesis that, if we do not consider the direct or indirect C 

emissions due to orchard management, the production of apple fruits implies a minimal or null impact 

on net C emissions to the atmosphere from the orchard ecosystem.  
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Summary 

 

Carbon fluxes and allocation pattern in an apple orchard 

 

In the present work, an apple orchard located in the Province of Bolzano (Alto Adige) was investigated 

with a micrometeorological and ecophysiological approach with the objectives to assess its carbon 

fluxes and allocation patterns and their relationship with the main environmental ad physiological 

parameters. In the first study, we combined three largely deployed methods, eddy covariance, soil 

respiration and biometric measurements, during a complete year (2010). We applied a measurement 

protocol optimized for quantifying monthly values of carbon fluxes in this ecosystem type, which allows 

a cross-check between estimates obtained from different methods. We also attributed NPP components 

to standing biomass increment, detritus cycle feeding and lateral export. In the second study, the eddy 

covariance measured net ecosystem carbon exchange and the derived GPP and Reco are reported for 

three complete growing seasons. The influence of environmental and physiological parameters on these 

three carbon fluxes were analyzed with a multiple regression model approach.  

We found that in the apple orchard both net ecosystem production and gross primary production, were 

of magnitude comparable to those of natural forests growing in similar climate conditions, while large 

differences occurred in the allocation patterns and in the fate of produced biomass: the carbon 

sequestered from the atmosphere was largely allocated to production of fruits: 49% of annual NPP was 

taken away from the ecosystem as apple production. Organic material (leaves, fine root litter, pruned 

wood and early fruit drop) contributing to detritus cycle was the 46% of NPP and the 5% only went to 

standing biomass increment. The carbon use efficiency (CUE), with an annual average of 0.68 ± 0.10, was 

higher than the previously suggested constant values of 0.47-0.50.  Low nitrogen investment in fruits 

and the optimal growth temperature (11.6°C) observed at the site are suggested as explanatory 

variables for the high CUE observed. 

Light and LAI had the strongest influence on both NEE and GPP. On a diurnal basis, these two carbon 

fluxes reach their peak approximately at noon, while they appear to be limited by high value of VPD and 

air temperature in the afternoon. The proposed models can be used to explain and simulate current 

relations between carbon fluxes and environmental parameters at daily and yearly time scale. In a 

context of global change, ecosystem acclimation has to be considered in order to predict future 

scenarios. 
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At a seasonal scale, consistent sink/source behavior pattern was observed within the three years: the 

apple orchard begun to perform as a net sink of carbon between bud burst and full-bloom, while 

became a net carbon source approximately 2-3 weeks after fruit harvest. On average, the yearly net 

ecosystem production balanced the carbon annually exported with the harvested apples. This allows to 

support the hypothesis of a minimal or null impact on net C emission to the atmosphere from the apple 

orchard ecosystem. 
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Riassunto 

 

Flussi e modalità di allocazione del carbonio in un meleto 

 

Nel presente lavoro, sono state applicate tecniche micrometeorologiche ed ecofisologiche alla coltura 

del melo, con l´obiettivo di  valutare i flussi di carbonio (C) propri di questo ecosistema, l´allocazione 

della biomassa prodotta e la relazione dei flussi giornalieri di carbonio con i principali parametri 

ambientali e fisiologici.  

Il protocollo sperimentale adottato in un primo studio ha previsto l´uso sinergico di tre metodologie 

(misure eddy covariance, di respirazione del suolo e biometriche) per l´intero anno 2010, permettendo 

di ottenere un controllo incrociato delle stime di flusso di C derivanti dai diversi metodi. Attraverso 

misure biometriche è stata valutata l´allocazione dei prodotti della fotosintesi nelle diverse componenti 

dell´ecosistema meleto, individuando la quota di C destinata ai tre pools: biomassa vivente, ciclo di 

detrito ed asportazione dal frutteto. 

In un secondo studio, lo scambio ecosistemico netto di cabonio (NEE) misurato con la tecnica dell´eddy 

covariance ed i valori derivati di produttività primaria lorda (GPP) e respirazione ecosistemica (Reco), 

sono riportati per tre intere stagioni vegetative (2009-2011). L´influenza delle principali variabili 

ambientali e fisiologiche su questi tre flussi a livello giornaliero è stata analizzata con l´approccio della 

regressione multipla. 

Questo studio ha permesso di verificare che sia la produzione ecosistemica netta (NEP) che la GPP sono 

quantitativamente simili a quelle di foreste che crescono in condizioni climatiche simili, mentre 

sussistono sostanziali differenze nei pattern di allocazione e nel destino della biomassa prodotta. Nel 

2010, il 49% del carbonio fissato è stato esportato dal meleto alla raccolta dei frutti, la quantità di 

biomassa che nello stesso anno ha contribuito ad alimentare il ciclo di detrito è stata il 46%, mentre solo 

il 5 % ha incrementato il volume della biomassa vivente. L´efficienza di uso del carbonio (CUE), intesa 

come il rapporto tra NPP e GPP, è stata di 0.68 ± 0.10, più alta rispetto a valori precedentemente 

proposti in letteratura (0.47-0.50) su altri ecosistemi vegetali. La bassa concentrazione di azoto nei frutti 

e l´ottimale temperatura di crescita rilevata nel frutteto sono ritenuti essere i fattori principali che 

giustificano questo risultato. 
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La radiazione fotosinteticamente attiva (PPFD) e l´indice di area fogliare (LAI) hanno avuto la maggiore 

influenza su GPP e NEE. Su base giornaliera, questi due flussi di carbonio raggiungono il loro picco verso 

mezzogiorno, mentre nel pomeriggio è stato osservato un effetto limitante possibilmente dovuto agli 

alti valori di VPD e temperatura dell´aria. I modelli proposti possono essere usati per spiegare e simulare 

le relazioni tra flussi di carbonio e parametri ambientali su scala temporale giornaliera ed annuale. Nel 

contesto del cambiamento climatico, l´acclimatazione dell´ecosistema deve essere considerata prima di 

poter usare tali modelli per simulare scenari futuri.  

Su scala stagionale, la capacità dell´ecosistema di agire come assorbitore o sorgente di carbonio verso 

l´atmosfera nelle tre le stagioni monitorate è stata coerente con lo sviluppo delle fasi fenologiche: il 

meleto comincia ad essere un sink netto nel periodo compreso tra la rottura delle gemme e la piena 

fioritura, mentre i flussi di carbonio in uscita dall´agroecosistema superano di nuovo quelli in entrata a 

partire da circa 2-3 settimane dopo la raccolta. I risultati ottenuti permettono di sostenere l´ipotesi che 

l´ecosistema meleto ha un impatto minimo o nullo riguardo le emissioni nette di C in atmosfera. 
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Zusammenfassung 

 

Kohlenstoffflüsse und Kohlenstoffverteilung in einer Apfelanlage 

 

In folgender Arbeit, wurde mit Hilfe eines mikrometeorologischen und ökophysiologischen Ansatzes, ein 

Apfelanlage, die in der Provinz Bozen (Südtirol) liegt, auf dessen Kohlenstoffflüsse untersucht. Ziel war 

es, die Kohlenstoffflüsse innerhalb der Apfelanlage und die Verteilung der Biomasse zu bestimmen und 

deren Beziehungen zu den wichtigsten ökologischen ad physiologischen Parametern zu beurteilen. In 

der ersten Studie wurden dafür, während eines kompletten Jahres (2010), drei weitgehend gängige 

Methoden eingesetzt, nämlich Eddy-Covariance, Bodenatmung und biometrischen Daten. Wir haben ein 

für dieses Ökosystem optimiertest Messprotokoll für die Quantifizierung der monatlichen 

Kohlenstoffflüsse verwendet, welches eine Querverprobung zwischen den Schätzungen aus 

verschiedenen Methoden ermöglichte. Zusätzlich, wurden die einzelnen Komponenten der 

Primärproduktion (NPP), dem Zuwachs der stehenden Biomasse, dem „Detritus-Zyklus“ und dem 

seitlichen Abtransport zugewiesen. 

In der zweiten Studie, wird der gemessen Eddy-Covariance-Netto-Öekosystem-Kohlenstoff-Austausch 

und die daraus abgeleitete Bruttoprimärproduktion (GPP) und Öekosystematmung (Reco), für drei 

komplette Vegetationsperioden, präsentiert. Der Einfluss von Umweltfaktoren und physiologischen 

Parametern auf diese drei Kohlenstoffflüsse wurden mit einem Multiple-Regression-Modell analysiert. 

Wir fanden, dass sowohl die Werte der Nettoökosystemproduktion (NEP), als auch die der 

Bruttoprimärproduktion (GPP) der Apfelanlage, in der Größenordnung mit jenen von natürlichen 

Wäldern, mit ähnlichen klimatischen Bedingungen, vergleichbar ähnlich sind, während große 

Unterschiede in der Verteilung der produzierten Biomasse aufgezeichnet wurden: der aus der 

Atmosphäre entnommene Kohlenstoff ist weitgehend der Produktion von Früchten zugeordnet worden: 

49% der jährlichen NPP wurde als Apfel-Produktion aus dem Öekosystem entfernt. Das organische 

Material (Blätter, tote Feinwurzeln, Schnittholz und Fallobst) das dem Detritus-Zyklus zugeordnet wird, 

machte 46% der NPP aus, und nur 5% der NPP ging in den Zuwachs der stehenden Biomasse. Die 

Kohlenstoff Nutzungseffizienz (Carbon Use Efficiency, CUE), lag mit einem Jahresdurchschnitt von 0,68 ± 

0,10, etwas höher als die bisher vorgeschlagenen konstanten Werte von 0,47-0,50. Die geringe 

Stickstoffnachfrage der Früchte und die optimale Wachstumstemperatur (11,6°C) die in der Apfelanlage 

gemessen wurde, werden als jene Variablen vorgeschlagen die zur hohen CUE geführt haben. 
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Licht und LAI hatte den stärksten Einfluss, sowohl auf NEE, als auch auf GPP. Auf einer täglichen Basis, 

erreichen diese beiden Kohlenstoffflüsse ihren Höhepunkt etwa um die Mittagszeit, während sie durch 

die hohen VPD- und Lufttemperatur-Werte am Nachmittag begrenzt zu sein scheinen. Die 

vorgeschlagenen Modelle können verwendet werden, um auf täglicher und jährlicher Zeitskala die 

Beziehungen zwischen Kohlenstoffflüssen und Umgebungsparametern erklären und simulieren zu 

können. In einem Kontext des globalen Wandels, muss die Öekosystem-Akklimatisierung berücksichtigt 

werden, um zukünftige Szenarien vorhersagen zu können. 

Auf saisonaler Skala wurden  markante sink/source Verhaltensmuster innerhalb der drei Jahre 

beobachtet: Die Apfelanlage erwies sich im Zeitraum zwischen dem Knospenaufbruch und der Vollblüte 

als ein Netto-sink für Kohlenstoff, während sie ca. 2-3 Wochen nach der Obsternte zur Netto-

Kohlenstoff-Quelle wurde. Auf einer jährlichen Basis, wurde im Durchschnitt der mit den geernteten 

Äepfeln exportierte Kohlenstoff, durch die Netto-Ökosystem-Produktion (NEP) ausgeglichen. Dies 

ermöglicht es, die Hypothese von einer minimalen oder gar null-Auswirkung des Apfelanlage-

Oekosystems auf die Netto-Kohlenstoff-Emission in die Atmosphäre zu unterstützen. 
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