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Abstract 

In a conceptual model study based on literature data from Danish ecosystems, energy yield from biomass production was compared in two semi-natural ecosystems (broadleaved forest and grassland) and their managed counterparts. The highest net energy yield of harvested biomass was obtained in the managed grassland system. The energy efficiency in terms of output:input ratios were about 190:1 in the managed beech forest and 6:1 in the managed grassland. This is discussed in relation to nitrogen cycling, carbon storage and energy efficiency of biomass production. 

Introduction

Biomass (natural and cultivated) is globally a limited resource since available land is limited and the inputs which are needed for cultivation are costly in terms of energy input, e.g. fertiliser (organic or non-organic), fuel, machinery and human labour. Global total terrestrial net primary production (NPP), of which 50% is carbon (C), has been estimated to 56.8 Pg C y-1 (1 Pg is 1015 g) and humans are exploiting this resource very intensively; the current human consumption is estimated to 15-25% of this amount (Imhoff and Bounoua, 2006). 

Net primary production is a quantitative measure of ecosystem productivity (yield) reflecting the influence of soil and site conditions and the level of cultivation among others. In comparison with natural ecosystems, such as forests and permanent grasslands, cultivated land may yield higher annual NPP with the aid of plant breeding and cultivation technologies. However, most land cultivation methods require inputs of fossil energy and irrigation water which are increasingly scarce resources (Scanlon et al., 2007, Pimentel and Pimentel, 2006). Use of these limited resources may be well-argued if high quality food crops or valuable materials are produced but less so if primary biomass is considered for bioenergy production. 
Nitrogen (N) is the nutrient that generally limits plant growth, and the global cycling of biologically available N has been doubled by humans. The elevated N cycling has caused eutrophication, acidification, emissions of nitrous oxides (strong green house gas) and higher species extinction rates (Vitousek et al., 1997). The extension of fertilised cropland areas for biomass production will aggravate this trend.
To meet multifunctional goals of landscape management, ecosystems may be managed to act as a sink for green house gases, preserve habitat quality, and offer recreation and aesthetic pleasure; this includes securing the functional integrity of energy, water and nutrient cycles observed in natural ecosystems. Over long ranges of time, the production of biomass in undisturbed ecosystems balances the decomposition and mineralisation carried out by the organisms that feed on living and dead biomass. Utilization of biomass (i.e. harvest for food, feed, fibre and fuel) is a spatial and temporal decoupling of the carbon, nutrient and energy cycles of natural ecosystems. 
Here, we investigate the energy use efficiency of biomass production in Danish (humid temperate) ecosystems by comparing biomass utilisation from organic/nature-friendly managed and semi-natural forest and grassland. The results are discussed in relation to nitrogen cycling, green house gas storage and biomass production for human utilisation.

Materials and methods

Humid temperate nemoral forest and grassland on nutrient rich sandy loam soils were selected to compare a managed biomass utilisation system with the semi-natural ecosystem counterpart as a reference: 1) a broadleaved, deciduous forest reserve (site Suserup, Vesterdal and Christensen, 2007) versus a managed beech forest in continuous cyclic management (harvest of mature stems by target diameter according to the target dimension principle, considered a fundamental principle in close-to-nature forest management), and 2) a grassland mixture (70-50% Lolium sp., and 30-50% Trifolium sp.) managed according to organic agriculture principles (14 t/ha manure (pig slurry) and 1 t/ha lime per year (i.e. 4 t/ha every 4 years), 4x harvest per year for silage (Danish Agricultural Advisory Service, 2007)) versus permanent grasslands assuming no harvest and only wildlife grazing (Statistics Denmark, 2007). 
A comparison of energy balances was made. We focused on carbon storage in above-ground biomass (g dry matter m-2), energy yield per year (EY) of above-ground NPP (g dry matter m-2 y-1 and converted to MJ m-2 y-1 by the lower heating value at 0% water content) and the energy input (EI) required to harvest this yield (MJ m-2 y-1). Energy input data were collected from national statistics and literature (see references in Table). The net energy yield was found by correcting for the harvested biomass as (EY-EI) multiplied by harvest %. Finally, the energy output:input ratio was calculated from the energy yield.
Results and discussion

The net primary production (NPP) in dry matter above ground ranged from 310 to 860 g m-2 y-1 corresponding to energy yield of 5.1 to 15.6 MJ m-2 y-1 (1 MJ m-2 is 10 GJ    ha-1); the highest energy yield was obtained in the grassland mixture. 
In the managed beech forest the net energy yield was 6.7 MJ m-2 y-1 with an energy input of 0.05 MJ m-2 y-1 for harvesting of stems. In comparison with the forest reserve, the production (above-ground NPP) in the managed forest was higher since trees are younger and more vital. In conclusion, the management of the forest lead to an increase in NPP and energy yield with an energy output:input ratio (EY:EI) of 190:1.
In the grassland mixture, the net energy yield was 11.9 MJ m-2 y-1 and the energy input 2.3 MJ m-2 y-1. The main energy input came from animal manure calculated as the energy needed to produce the manure without allocating energy to the meat production. Manure application to grassland increased the NPP, but may also increase the nitrogen status of the ecosystem and cause N losses (as well as phosphorus, potassium and micro nutrient levels). In conclusion, the management of the grass land lead to an increase in NPP and energy yield with an energy output:input ratio of 6:1 due to the annual inputs of fuel and fertiliser. 

Multifunctional land use is linked with the green house gas issue, since production system, material inputs, biomass products, standing biomass, and ecosystem gas exchange are intertwined. The higher biomass storage in the forest ecosystems measured as above-ground biomass after harvest (about 150-fold in managed forest and 300-fold in forest reserve in comparison with the grassland mixture) demonstrated a large storage potential for carbon dioxide in above-ground biomass. Carbon storage in trees provides flexibility in the biomass utilisation: NPP can be stored in living biomass to be utilised at a later stage or be a permanent reservoir (Kirschbaum, 2003, Righelato and Sprackeln, 2007). Soil organic matter incl. forest floor constituted about 50% of the total biomass in the two forest types (above- and below-ground) indicating a soil C storage potential in forest reserves (Vesterdal and Christensen, 2007).
Table: Above-ground biomass production and energy inputs and outputs of two pairs of Danish semi-natural and managed temperate ecosystems

	Ecosystem
	Forest reserve Suserupa
	Managed beech forestb
	Semi-natural grasslandc
	Grass​land mixtured

	Standing living biomass
	g dry matter m-2 

	
Above-ground biomass after harvestg
	25000
	13000
	<310
	<80

	Production
	g dry matter m-2 y-1

	
Above-ground annual NPPg
	400
	530
	310
	860

	
Harvest (% of NPP)g
	0 (0)
	350 (67)
	0 (0)
	780 (91)

	
	MJ m-2 y-1

	
Energy yield (EY) of NPPe
	7.4
	10.1
	5.1
	15.6

	Energy inputf
	

	
 Fuel 
	
	0.04
	
	0.80

	
Machines
	
	0.01
	
	0.09

	
Seeds
	
	
	
	0.01

	 
Manure
	
	
	
	1.41

	
Liming
	
	
	
	0.02

	Total energy input (EI)
	0
	0.05
	0
	2.3

	Net energy yield 
	n.a.
	6.7
	n.a.
	11.9

	EY:EI 
	n.a.
	190:1
	n.a.
	6:1


a. Vesterdal and Christensen, 2007, b. Larsen and Johannsen, 2000, c. NPP adapted from permanent grasslands out of rotation, assuming no harvest (Statistics Denmark, 2007) d. Danish Agricultural Advisory Service, 2007, e. Lower heating values adapted from www.biolex.dk. Grass and grassland mixture heating values assumed similar to straw~18,2 MJ kg-1 d.m., f. Based on Dalgaard et al., 2001. g. Own calculations based on references mentioned. n.a. ~ not applicable.

Conclusions
Based on literature data, a few specific ecosystems were chosen to demonstrate the kind of assessments needed to evaluate consequences of different land use and potentials for primary biomass production. We calculated that cultivation increased the NPP in both forest and grassland in comparison with the semi-natural counterparts. 
The biomass production potential (above-ground NPP) versus the carbon storage potential in standing living biomass showed a potential sink for carbon in forest. Biomass production from close-to-nature beech forest management required much less input energy to extract NPP per ha than organically grown grassland mixtures, which was reflected in much higher energy efficiency of the former. Further, the manure application in grassland mixtures may cause N-losses to the atmosphere (GHG emissions) and to aquifers, which also disfavours biomass from such systems.
The flexibility of land use and its products should be considered in a multifaceted evaluation, since primary biomass may be used for food, feed, fibre and fuel. Forest cover is a long term land use that can not be changed annually, whereas grass can enter a crop rotation. Hardwood is a non-food commodity whereas grass can be used in a sequence of food and non-food purposes, e.g. animal feed and biofuels. Altogether, land use type and cultivation intensity influences the utilities provided.
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