
Complexity, global climate change, and the factors controlling soil carbon cycling
D. Wixon and T. C. Balser, University of Wisconsin-Madison. Contact: dwixon@gmail.com

Global Climate 

Changes (GCC) 

Include:

Temperature

Primary productivity

Root allocation

Atmospheric CO2

Nitrogen deposition

Plant community....

Carbon 

Pools & 

Regimes 

STABILIZATION MECHANISMS 

1. Selective preservation (recalcitrance)

2. Spatial inaccessibility

3. Interaction with mineral surfaces

System Factors

* Abiotic

* Biotic 

* Experimental

Process Rates

Responses to 

changes

SOIL 

MICROBIAL 

CHANGES

affecting rates of  

carbon efflux 

with GCC

Community 

Composition

Physiology/Activity

DESIRED MODELING QUANTIFICATIONS 

Magnitude, direction and duration of changes in:

*New C: Input and efflux rates

* Stored C: Stabilization and efflux rates

*Net CO2 efflux

*Net C stock balances  

Resistant

Metric
Measurement taken

Indicator
Measured property

Criterion
Observed through 

effects on indicators
Temperature

Air Temp

Avg annual 
Aug 15 temp 
at 1M height 

for 5 years

Avg Max-Min 
temp  over 

growing 
season at 1M 
height for 10 

years

Surface Soil 
Temp

Daily noon 
thermocouple 
at 5cm depth

Figure 4. Illustration of the relationship and definitions of criteria, indicators and 
metrics. Relationships between levels in this simplified model boxes are one-to-
many; for example, each criterion can have many indicators, but each indicator is 
associated with only one criterion.
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Figure 2. Interacting perspectives on the factors involved in soil carbon responses 
to  global climate change. Stabilization mechanisms follow and are detailed in von 
Lutzow et al., 2006. In order to impact desired modeling quantifications, shifts in 
the many factors must not be resistant, resilient or functionally redundant 
(following Allison et al., 2008) or quickly acclimate. 

Figure 3. A comprehensive conceptual framework to compile and organize the factors that can  interact 
with the temperature response of soil decomposition. All criteria but not all indicators, and no metrics, 
are shown. Factor derivatives such as ratios and variance can change scales and levels of information. 
Regime describes the magnitude (amplitude), timing (wavelength) of variation in a factor crossed with a 
time scale, such as spatiotemporal variation or heterogeneity .
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Figure 5. Sample screen shot from model implemented as relational database, and 
resulting graphical representation.[A] User interface showing a factor hierarchy, 
scales and interactions. A secondary criterion is at least partially dependent on a 
primary criterion. A two-way relationship involves feedback at some scale from the 
secondary to the primary factor. Nested relationships specify a criterion as a 
subcriterion (Sub), an integrative criterion that nests others (Node), or both. A 
secondary criterion is at least partially dependent on a primary criterion. A two-
way relationship involves feedback at some scale from the secondary to the 
primary factor. [B] Selected factors as coded in the database depicted graphically. 
Name* indicates an integrative criterion that wraps other criteria; if subcriteria are 
shown, they are denoted as *Name.

Overarching research goal: What matters when?
Related questions:
Is older carbon more temperature sensitive?
Do substrate, biotic or abiotic factors determine sensitivity?
Will temperature amplify climate change? It depends. There is 
agreement on the fundamental reason for the for the continued debate 
on the temperature response of decomposition:  the entangled, 
nonlinear and highly scale-dependent web of factors  and feedbacks 
involved—carbon quality, pH, soil clay content, nitrogen, microbial 
community structure and many more—complicates the coherent 
synthesis of results (Figure 2). The result is that  we cannot yet achieve 
design reasonable models  that apply across experiments, systems or 
scales (Trumbore 2006). A comprehensive assessment of factors and 
their interactions across scales is lacking. 

Overarching questions 
Will carbon lost from soils amplify climate change?
A substantial uncertainty in predicting ecosystem carbon cycling in the 
context of climate change is the response of enormous pool of soil 
carbon (Davidson  & Janssens, 2006). Small changes in the soil carbon 
pool could have dramatic impacts on the concentration of CO2 in the 
atmosphere (Smith et al., 2008). As the climate warms, a net loss of 
carbon from soils is expected (IPCC, 2007). The concern , supported by 
global-scale models ,involves a positive feedback scenario:  as 
temperatures increase, soil microbial respiration will increase, and 
increased atmospheric CO2 released from soils will accelerate global 
climate change. Modeling to address this concern hinges on the hotly 
debated temperature sensitivity of soil respiration (Kirschbaum 2006). 
However, there remains no scientific consensus on the temperature 
dependence of organic matter composition. This is a complicated issue 
to assess and despite a proliferation of experimental and modeling 
studies, the final conclusions remain unclear  (Figure 1). 

Fig 1. An illustration of the differing approaches and conclusions related to soil 
respiration and temperature response. n=29. Paper selection was not random and 
is far from exhaustive; the totals by conclusion therefore are not meaningful. A 
"model" paper is one in which various or no explicit datasets are used; most 
experimental  papers involved modeling to achieve a conclusion. "Can't tell" may 
be for many reasons including an effective methodology or to varied results. 
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1. Answers to the positive feedback question depend on a 
complex web of factors, and how one conceptualizes and 
bounds the system. Differences in criteria, indicators, or 
metrics can influence study results and their interpretation.

2. We constructed a simplified hierarchy organizing and 
relating the comprehensive universe of the factors that can 
potentially control soil microbial temperature response. 
We are currently using the model presented here to specify 
system states for a meta-analysis that will quantify the 
factors that matter at various scales, associated thresholds, 
ranges, and uncertainties, along with key interacting 
factors. 

This can help ecosystem researchers to:
• Consider elements for potential inclusion in quantitative or 

conceptual models 
• Clarify boundaries of the system , and explicitly address 

factors excluded by a study
• Define the potential space for meaningful hypothesis 

generation
• Characterize a system state based on its values of various 

factors. 

The first step: What can matter?  
Delving into this web and differing views of it is critical to understanding decomposition 
responses, reconciling divergent results, and predicting respiration in the context of global 
climate change. We accessed the literature across disciplines and conceptualized the 
comprehensive inventory of factors that inventory of the potential controls that interact 
with temperature responses and impact temperature sensitivity (Figure 3). 

The next step: Organizing and relating the factors
• Classification hierarchy: Criteria, Indicators, Metrics
We then used complex systems theory to construct a simplified hierarchy  (Figure 4). 
Criteria involve the context of the desired information, and are more general (Ahl & Allen, 
1996). Indicators are specifications of the criteria, which may be associated with differing 
metrics. 

• Categories: Abiotic, Biotic, Experimental, Substrate, Thermodynamic, Derivative
We defined categories building on schemes from the literature. 

• Interactions: Primary, secondary, one-way, two-way, nesting
Finally, we modeled these factors, and their relationships such as nesting as feedbacks, 
implemented as a relational database (Figure 5).
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