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Section 3

Convened by
Thorsten Wiegand and Gabriel del Barrio

Spatial / temporal scales of ecosystem 
response to Global Change



Introduction

A lay perception of land degradation often refers to a process whereby land 
becomes oversimplified and unfit for further use by human populations. 
Features associated with it include, but are not limited to, reduced vegetation 
cover, increased runoff erosion, topsoil thinning, soil salinization or aquifer 
depletion. There is abundant literature  dedicated to reporting, describing and 
modelling such effects, mitigation of which still drives current international 
initiatives such as the Land Degradation Neutrality (LDN).

Whilst focusing on effects may lead to short-term reactive solutions, the 
knowledge body built this way is heterogeneous, case-specific, incidental 
and unconducive to theory. Moreover, the negative connotations associated 
with land degradation combine with its empirical evidence to yield a biased 
approach which further impedes deciding whether land degradation is an 
avoidable outcome or an inherent complement of the human occupation of 
landscapes and their natural resources. 

In this brief essay, we approach land degradation from a neutral point 
of view, focusing on its ultimate causes, rather than on the immediate 
consequences. In so doing, we consider humans a part of the ecosystems 
concerned rather than their drivers. Human societies and their environment 
are explicitly considered in this vein as integrated Human-Environment 
Systems (HES).

We hope to contribute in this way to a relevant, implicitly related question 
concerning land use: How far should effort be invested in managing rather 
than eliminating land degradation? As a baseline, we use the United Nations 

Convention to Combat Desertification (UNCCD) definition for this 
purpose: ‘Land degradation is a reduction or loss in arid, semi-arid 
and dry sub-humid areas of biological or economic productivity and 
complexity.’

A thermodynamic interpretation

The following principles were adapted from Jørgensen and Fath (2004). 
HES are open systems. They have a throughflow of matter coupled 
to another of energy, which is received in the form of low-entropy 
(solar radiation) and discharged as high-entropy energy (heat). Mass 
and energy are conserved. Processes occurring within HES require 
energy, which is then lost as heat to the environment. Therefore such 
processes are irreversible.

Not unlike other forms of life, HES use input energy to move away 
from thermodynamic equilibrium and maintain a state of low entropy 
with respect to their environment. This can be achieved in three ways: 
by increasing their size, by increasing their network complexity and 
by increasing their information. These three ways of growing involve 
either the amount of system exergy (the free energy that can be 
used to do useful work until reaching thermodynamic equilibrium) or 
system power (the actual energy throughflow that is being used). It is 
postulated that an HES, like any other ecosystem, will follow the forms 
of growth that move it furthest from thermodynamic equilibrium in the 
long term.
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assumptions (Puigdefabregas et al., 2009). Among them, methods based 
on biomass and productivity use annual averages, and seasonal or inter-
annual peaks, respectively as surrogates of long-term ecosystem capacity 
to sustain biomass and its resilience in recovering from disturbances. 
This suits the most widespread perception of land degradation and is 
very close to the UNCCD definition.

Formally expressed, both annual mean biomass and NPP are expected 
to decrease with land degradation in the long term, but peak NPP is at its 
maximum at intermediate degradation states (Pickup et al., 1994).

NPP is strongly dependent on rainfall (P), and therefore, Rain Use 
Efficiency (RUE) (NPP/P) is preferred, because it is more stable and 
yields the amount of green biomass produced per unit rainfall. Since its 
definition by Le Houerou (1984), RUE has been considered a reliable proxy 
of land condition, because a high RUE can only be obtained where full soil 
structure can support vegetation functions.

RUE is commonly implemented for large territories by using the integral 
of a remotely sensed vegetation index (for example, the Normalized 
Differences Vegetation Index, NDVI) as a proxy for NPP (Prince et al., 
2004). In the following discussion, we use the 2dRUE (del Barrio et al., 
2016, 2010), because it: i) makes a climatic correction of RUE that enables 
locations along aridity gradients to be compared; ii) implements short 
and long-term formulations of RUE that capture productivity and maturity 
of vegetation, respectively; and iii) incorporates an explicit framework 
of rules in which NPP and turnover are related to states of ecological 
maturity.

Management options

There is a significant association between ecological maturity and 
land use (Fig. 1). In general, land uses with denser tree cover and more 
extensive management involve higher maturity classes.

Most land uses span several condition states, and also, most land 
condition states are shared by a group of land uses. The figure above can 
be interpreted as a staircase showing connectivity of transitions between 

the former in the early stages, for which the HL are the reference. Such 
early stages involve a number of changes in ecosystem function (Table 

1).

In essence, the FL exploits the BL by maximizing NPP consumption 
(agricultural production, grazing, etc.), which requires the biomass to be 
reduced to productive structures, resulting in increased turnover (NPP/
biomass) and overall ecosystem simplification. 

Assessing land condition

Land degradation is only a particular case of the broader concept of land 
condition, and should therefore be the focus of any objective method. 
Ecosystemic approaches make a suitable subset, because they focus 
on an ecosystem function changing proportionally to its maturity-
degradation polarity (Verón et al., 2006).

Ecosystemic approaches make use of low-level functions and are often 
expressed as efficiency ratios that implicitly convey their respective 

The expression ‘HES’ here not only means a target human population, 
but also the environment it uses and manages. HES are made up of 
two types of coupled subsystems which decompose and cycle waste 
and fix energy, respectively. This is equivalent to any other ecosystem 
analysis, but the particular features of humans as a social species imprint 
strong effects on their environment which can be detected at multiple 
spatial and temporal scales. At landscape level, it is therefore justified 
for such subsystems to be identified as Foreland (FL) and Backland 
(BL), respectively. A third type of subsystem refers to the space HES are 
embedded in, the Hinterland (HL). The HL is the environment surrounding 
the HES not directly managed by humans, and therefore, the ultimate 
thermodynamic sink, which at the same time acts as a buffer for BL to be 
taken from or abandoned in.  

These functions are not very different from the conventional notions of 
prey and predator used in ecosystems. Hunter-gatherers as FL were in fact 
predators or super-predators who acquired low-entropy energy directly 
from a diffuse and unmanaged HL. The advent of agriculture meant a 
dedicated and managed BL. This replicated a complete ecosystem, with 
energy fixers (cultivated plants) and consumers (farm animals). From 
that perspective, agriculture consists of creating a simplified ecosystem 
where energy-fixing (i.e. Net Primary Productivity, NPP) is maximized at 
the expense of structure-creating functions (i.e. Biomass).

According to the second law of thermodynamics, only a fraction of the 
energy fixed in the BL is available for transfer to the human population. As 
a result, the production of entropy of the whole HES is enormous, and the 
BL becomes exponentially large as the system’s complexity increases. 
Two corollaries emerge from this perspective. First, human progress 
is inherently linked to some form of land degradation. Second, BL is a 
limiting factor for the growth of HES, and its exhaustion may lead to its 
collapse.

Concerned ecological functions

The subsystems described above can be interpreted within the frame of 
ecological succession. In particular, exploitation of the BL by the FL keeps 

Self-organisation Exploitation
Nutrients captured in biota Nutrients external to biota
Increased biomass Low biomass
Increased gross primary Increased net primary
Production Production
Delayed turnover Fast turnover
Lower density of photosynthetic pigments High density of chlorophyll
Stable transport paths Changing transport paths
Adaptation to fluctuations Opportunistic adaptations
Specialized niches Broad niches
Increased ecological diversity Lower ecological diversity
Large patches Smaller patches

Table 1. Functions associated with opposite trends of ecosystem self-organization 
and human exploitation (after Margalef 1974).
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Land degradation should be assessed within the broader concept of land 
condition, which encompasses a full range of states of ecological maturity. 
NPP, biomass and turnover are key variables which can be recorded either 
directly in the field or indirectly through geomatic surrogates.

In view of the association of land uses with land condition, land degradation 
may be defined as the loss of degrees of freedom for land use change.

Two corollaries arise from the points above. First, it is more effective 
to target regulating, rather than eliminating, land degradation. Second, 
land degradation in a territory can be decreased by maximizing the 
interconversion potential of its land uses.

land condition states, governed by free exergy (Section 1).

The following postulates may be drawn from the above: 1) the vertical axis 
defines a path of management options, in terms of the number of land 
uses below any given level; 2) stepping down the stairs (i.e., degrading 
land condition) is less demanding than going upwards, in terms of energy 
and investment; 3) the most efficient land use changes occur between 
classes at the same condition level; 4) given any land use class, the 
degrees of freedom for land use change are directly proportional to the 
number of classes below it, and to a lesser extent, to an exponential 
reduction in the number of classes above it; and 5) transitions between 
land uses involving land condition upgrade have a bottleneck where a 
land use is associated only with a single condition state (marked with 
circled red dots in Fig. 1).

An interesting point for making land planning operational using this 
model is that both land condition and land use yield, including their socio-
economic modelling, can be expressed using Soil Organic Carbon (SOC) 
as a common unit. In turn, SOC is a required indicator of the Sustainable 
Development Goal 15.3 (LDN), which facilitates international acceptance 
of this approach.

Conclusions

Human populations are a part of ecosystems rather than their external 
drivers. As any other ecosystem, thermodynamics can explain the 
increase in complexity in terms of energy and biomass.

HES tend to increase their overall complexity over time. Stages of 
complexity are presumed to build up a sequence representing a higher-
level trend in system organization; hence they are not a manageable goal.

HES are made up of two types of subsystems: ordered, which move away 
from thermodynamic equilibrium and maintain a state of low entropy, and 
disordered, which receive entropy from the former and become simplified. 
This is the essence of land degradation, which is thus inherent to HES 
persistence. The division between ordered and disordered subsystems 
occurs at many temporal and spatial scales.

Fig. 1. Homogeneous groups of land condition for land cover classes. Results 
of a Kruskal-Wallis test between CORINE LC (2006) and land condition states 
derived from 2dRUE-ES (2000-2010). The latter were in order of increasing 
maturity. After Martinez-Valderrama et al. (2016).
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