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The most wide-spread interdisciplinary links were between physical 

processes in meteorology, hydrology and soil science that drive or set 
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In contrast, most chemical and biological processes were restricted to 

links within the same compartment. Integration of multiple environmental 

compartments and interdisciplinary knowledge was scarce in most model 

types. There was a strong bias of suggested future research foci and 

model extensions towards reinforcing existing interdisciplinary knowledge 

rather than to open up new interdisciplinary pathways. No clear pattern 

across disciplines exists with respect to suggested future research 

efforts. There is no evidence that environmental research would clearly 

converge towards more integrated approaches or towards an overarching 

environmental systems theory. 
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ABSTRACT  33 

Terrestrial environmental systems are characterized by numerous feedback links 34 

between their different compartments. However, scientific research is organized into 35 

disciplines that focus on processes within the respective compartments rather than on 36 

interdisciplinary links. Major feedback mechanisms between compartments might 37 

therefore have been systematically overlooked so far. Without identifying these gaps, 38 

initiatives on future comprehensive environmental monitoring schemes and 39 

experimental platforms might fail. We performed a comprehensive overview of 40 

feedbacks between compartments currently represented in environmental sciences and 41 

explores to what degree missing links have already been acknowledged in the literature. 42 

We focused on process models as they can be regarded as repositories of scientific 43 

knowledge that compile findings of numerous single studies. In total, 118 simulation 44 

models from 23 model types were analysed. Missing processes linking different 45 

environmental compartments were identified based on a meta-review of 346 published 46 

reviews, model intercomparison studies, and model descriptions. Eight disciplines of 47 

environmental sciences were considered and 396 linking processes were identified and 48 

ascribed to the physical, chemical or biological domain. There were significant 49 

differences between model types and scientific disciplines regarding implemented 50 

interdisciplinary links. The most wide-spread interdisciplinary links were between 51 

physical processes in meteorology, hydrology and soil science that drive or set the 52 

boundary conditions for other processes (e.g., ecological processes). In contrast, most 53 

chemical and biological processes were restricted to links within the same compartment. 54 

Integration of multiple environmental compartments and interdisciplinary knowledge 55 

was scarce in most model types. There was a strong bias of suggested future research 56 

foci and model extensions towards reinforcing existing interdisciplinary knowledge 57 

rather than to open up new interdisciplinary pathways. No clear pattern across 58 

disciplines exists with respect to suggested future research efforts. There is no evidence 59 

that environmental research would clearly converge towards more integrated 60 

approaches or towards an overarching environmental systems theory. 61 

 62 

Keywords: Review; interdisciplinary links; integrated environmental modelling; 63 

research needs   64 
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1. Introduction  65 

Human activities continue to change the environment by altering energy, momentum, 66 

sediment and water fluxes (Vörösmarty and Sahagian 2000, Syvitski and Kettner 2011) 67 

and biogeochemical cycling (Falkowski et al. 2000, Gruber and Galloway 2008), 68 

modifying the composition of the atmosphere (IPCC 2013), degrading soils and water 69 

quality (Foley et al. 2005), and impacting the biosphere (Ellis 2011). While current 70 

global trends affect all ecosystem compartments, the reactions of individual 71 

compartments to changes in climate, land cover and land use are still uncertain (IPCC 72 

2013). Within terrestrial systems, functional relationships and exchange take place 73 

within complex and highly heterogeneous landscapes. The numerous processes that 74 

occur within individual environmental compartments (atmosphere, land surface and 75 

subsurface, geosphere, biosphere, and freshwater systems) are coupled in multiple ways 76 

through dynamic interfaces so that changes in one compartment affect the adjacent 77 

compartments likewise (Denman et al. 2007, Ciais et al. 2013), often leading to 78 

complex patterns in system state structures and variables (Vereecken et al. 2016a). 79 

Consequently, an integrative, cross-scale, interdisciplinary and system-oriented research 80 

approach seems to be necessary to both enable the development of general 81 

environmental systems theory that consistently describes these interlinked dynamics and 82 

to create a new generation of integrated numerical model systems (DFG 2013). Fuelled 83 

by this notion, new developments that embrace such a systemic and integrated approach 84 

are underway (e.g., Zacharias et al. 2011, DFG 2013, Simmer et al. 2015). However, 85 

most of existing research and monitoring infrastructures are largely focused on specific 86 

scientific questions addressing only partial aspects of the terrestrial environmental 87 

(eco)system within the realm of single scientific disciplines.  88 

This is because scientific research is organized into more or less disjunct disciplines that 89 

focus on processes within the respective compartments rather than on links between 90 

different compartments. Consequently, these links are not only poorly understood, but 91 

also described in different ways according to the terminology and basic paradigms of 92 

the respective disciplines. Moreover, despite scarce attempts (e.g., Schellnhuber 1999), 93 

a general environmental or earth system theory (within the framework of the dynamic 94 

system theory and its language) that would be broadly accepted throughout the 95 

environmental science disciplines and would integrate findings from different 96 

disciplines does not exist. This comes with the risk that the blind spots at the interfaces 97 

between different disciplines could result in systematic deficiencies in environmental 98 

sciences and will substantially impede our understanding of environmental systems in 99 

the long-term 100 

This study therefore aims at a systematic survey both of known interdisciplinary links as 101 

well as of missing links identified in review and opinion papers as a contribution to 102 

strategic planning of environmental research. Two different approaches were combined. 103 
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First, since neither an overarching environmental systems theory exists nor a common 104 

data base of environmental knowledge that could be analysed in a quantitative way, we 105 

reviewed a large set of process models of environmental systems from various 106 

disciplines, assuming that the whole set of implemented processes would reflect the 107 

state of the science. Thus models were regarded as a proxy for repositories of scientific 108 

knowledge. We scanned these models for existing links between different 109 

compartments. Secondly, a list of stated missing interdisciplinary links was compiled 110 

from the existing literature and was analysed with respect to emerging new fields of 111 

interdisciplinary environmental systems science. 112 

Both approaches have clear restrictions. Firstly, the fact that certain links are not or only 113 

rarely implemented in existing models does not necessarily imply that they are not 114 

essential. Secondly, missing links identified in review and opinion papers have been 115 

defined from the respective view of the authors which are strongly affected by the 116 

respective disciplinary perceptions and paradigms. Thus this study does neither assess 117 

the necessity of certain missing links nor does it claim fully integrated models including 118 

all possible links irrespective of any specific modelling aim; such models are neither 119 

possible nor desirable. Nevertheless, our systematic inventory could provide a basis for 120 

identifying current biases as well as outlining a way towards a more integrated 121 

terrestrial environmental system science, including modelling as well as process studies 122 

and monitoring programs.   123 

We reviewed a wide range of simulation model types from eight environmental 124 

scientific domains and compared them in terms of how well their modelling 125 

components are integrated across environmental compartments (cross-126 

compartmentalization) and scientific domains (interdisciplinarity). We performed a 127 

systematic analysis of 346 published reviews, papers reporting results from model 128 

intercomparisons, and model descriptions. In total we analysed 118 simulation models 129 

from 23 model types and 1) described their representation of environmental 130 

components, processes and driving state variables, 2) assessed how well these 131 

representations hold up in the face of current understanding, and 3) set up a compilation 132 

of modelling gaps stated in the literature. The latter included both knowledge and 133 

conceptual gaps in need of focused interdisciplinary attention, and missing processes 134 

that might be important for novel applications, i.e. for purposes other than those for 135 

which the current models are being applied at present (e.g., incorporation of 136 

biogeochemistry modules in forest gap models to simulate vegetation distribution and 137 

carbon fluxes under projected global change).  138 

Our analysis is thus focused on “process representation”, confronting what is 139 

implemented versus what is perceived as missing, with strong emphasis on processes 140 

that link different environmental compartments and, thereby potentially, scientific 141 

disciplines. Links, defined as processes, or environmental factors controlling a process, 142 
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that connect different aspects (physical, chemical, biological) of different disciplines 143 

(e.g., soil sciences or terrestrial ecology) are thus the central concept of our analysis. 144 

We also tried to quantitatively assess the extent to which reported deficiencies in 145 

process representation in certain model types and disciplines are addressed by other 146 

modelling disciplines. With this, we seek to cast light on the central question of whether 147 

current interdisciplinary modelling gaps can be filled by integrating knowledge, 148 

conceptualizations, process understanding and modelling techniques across modelling 149 

fields, or if by contrast, there are still major gaps that rule out the development of an 150 

integral understanding of the environmental system. Hence, the ultimate purpose of our 151 

analysis is to push forward a fully integrated environmental system science by 152 

providing a roadmap for future modelling and monitoring decisions to be made.  153 

 154 

2. Methods 155 

In our survey of cross-disciplinary links in process models of environmental sciences, 156 

we do not intent to highlight disciplinary deficiencies or to rank model types but to 157 

provide an overall picture of the state of the art of integrated environmental modelling, 158 

pinpointing what is missing in which model types and who (in terms of model types) 159 

can transfer scientific and technical knowledge to address it. Thus, we first compiled a 160 

database of nearly 400 implemented and missing links (process representations) for a 161 

sample of 23 model types from eight environmental scientific disciplines (section 2.1. 162 

Data compilation). Then, matrices were set up describing which compartments of 163 

environmental systems, or scientific disciplines, were respectively linked by these 164 

processes (section 2.2. Data synthesis). Three separate types of matrices were compiled: 165 

matrices of existing links and missing links for each of the 23 model types, and one 166 

matrix combining information about existing and missing links. In a third step, these 167 

matrices were analysed using cluster analysis and network modelling approaches 168 

(section 2.3. Data analysis). To that end some technical terms were used that might 169 

have different connotations in different disciplines. Thus Box 1 provides a glossary of 170 

key terms and concepts used in our study.  171 

 172 

2.1. Data compilation 173 

We focused on simulation models, and on the processes represented in these models, 174 

from eight environmental scientific disciplines (Box 1). Selected disciplines include the 175 

Atmospheric science (Meteorology and Climatology), Soil science, Geology (excluding 176 

Palaeontology), Terrestrial Ecology, Hydrology and Hydrogeology, and Freshwater 177 

science. These disciplines focus on the processes occurring in specific compartments of 178 

the terrestrial environmental system, i.e. atmosphere, pedosphere, geosphere, biosphere, 179 

and the hydrosphere with its aquatic systems. We additionally included Agricultural and 180 
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Forestry sciences, which focus on processes and human activities that transform the 181 

terrestrial landscape for the production of animals and plants for human use, or the 182 

provision of ecosystem services, thus providing a partial representation of the 183 

anthroposphere. However, social, institutional or economic environmental models were 184 

beyond the scope of this study. 185 

 186 

Box 1. Glossary of key terms and concepts used in this article. 187 

(Basic science) Category: Aspect of the natural environment in an epistemic sense, that 188 

is, referring to either the physical (P), chemical (C) or biological (B) dimensions of the 189 

environment. 190 

(Scientific) Discipline: A branch of scientific knowledge within the Environmental 191 

Sciences domain. Analysed disciplines include the Atmospheric science (AT), Soil 192 

science (SO), Geology (GE), Terrestrial Ecology (TE), Hydrology and Hydrogeology 193 

(HY), Freshwater science (FW), Agricultural sciences (AG), and Forestry sciences 194 

(FO). 195 

Discipline-category pair: Type of basic science category of the environment studied 196 

by a given scientific discipline (e.g., the chemical aspect of soil science: SO-C). 197 

Environmental compartment: The compartments of the terrestrial environmental 198 

system covered in our review, i.e. atmosphere, pedosphere, geosphere, biosphere, and 199 

the hydrosphere with its aquatic systems, plus the anthroposphere. 200 

Environmental tie: Directional connection between two discipline-category pairs, 201 

which includes all individual links (i.e., processes of environmental factors; see below) 202 

connecting both pairs in a specific direction (e.g., all links connecting the physical 203 

aspect of the atmosphere to the physics of the terrestrial ecology).  204 

Individual link: a process or environmental factor controlling a process that connects 205 

two discipline-category pairs in a certain direction (e.g., water evapotranspiration). 206 

Missing link: Individual link between two discipline-category pairs that is either not 207 

included or misrepresented in models from a given model type but should be included 208 

according to experts’ statements in the literature. 209 

Model type: A branch of environmental modelling focused on predicting or 210 

understanding processes and dynamics of specific systems within the terrestrial 211 

environment (e.g., hydrologic modelling targeted at simulating the behaviour of 212 

hydrologic systems).  213 

Weighted individual link: Individual links are weighted by the frequency with which 214 

they are represented in the models of the respective model type. 215 
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Weight of an environmental tie: Strength of the directional connection between two 216 

discipline-category pairs measured as the sum of all the weights of the individual 217 

directional links that characterize the environmental tie. 218 

 219 

In addition to ascribing processes to the above disciplines, they were also attributed to 220 

one out of three basic science categories, that is, physics, chemistry or biology, 221 

depending on the methods used to study the aspect addressed (Box 1). The latter 222 

classification takes into account whether the respective model explicitly considers 223 

respective drivers and constraints. For example, biogeochemical transformations 224 

performed by living organisms (e.g., denitrification by microbes or assimilation by 225 

aquatic plants) are considered biological processes only when the living organisms are 226 

explicitly modelled. A counter example would be to model denitrification to occur 227 

under certain physical or chemical boundary conditions (e.g., anoxia in soils), 228 

irrespective of abundance, population growth, and limitation by resources availability of 229 

microorganisms. Another counter example would be to model plant assimilation as a 230 

mere reaction to soil and atmospheric environmental states without feedback to 231 

vegetation growth. Thus every process was ascribed to a discipline-category pair (Box 232 

1). 233 

We analysed 118 simulation models from a total of 23 model types, whose descriptions 234 

are summarized in Appendix A, including at least two model types from each scientific 235 

domain. The selected model types have, at least to a certain extent, a multidisciplinary 236 

focus and integrate at least some of the environmental compartments of the terrestrial 237 

system through interfaces. We restricted our study to dynamic process-based models 238 

applied at spatial scales relevant for terrestrial (eco)system management, ranging from 239 

local (field, forest stand or lake) to continental and global scales. The ecological 240 

systems modelled must be represented preferably at the ecosystem but at least at the 241 

community level of ecological hierarchy, thus excluding population models. The main 242 

criteria for differentiating model types within scientific domains were modelling aim 243 

(e.g., ecohydrologic vs. ecohydrologic biogeochemistry models, terrestrial biosphere 244 

online vs. offline models) and spatial scale of application (e.g., macro-scale vs. 245 

catchment hydrologic models, forest landscape vs. forest gap models). 246 

The objectives of the data compilation stage were to identify for each selected model 247 

type (1) processes and primary controls implemented in existing models, and (2) 248 

modelling gaps. 249 

 250 

2.1.1. Implemented links 251 

We first analysed which processes and primary controls of these processes (e.g., control 252 

of CO2 concentration on leaf stomatal conductance), are currently incorporated in 253 
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models, how they are represented (level of complexity), and the frequency with which 254 

they are represented (i.e., number of models within a model type including the given 255 

processes). Human impacts addressed in models as imposed fluxes across or prescribed 256 

states at boundary conditions (e.g., water withdrawal, fishing mortality, disturbance) 257 

were accounted for in the study.  258 

This task was performed through the analysis of representative models from each model 259 

type that reflected the state of the art in the respective discipline. Selection of models 260 

was based on knowledge from experts on the specific modelling field (see 261 

Acknowledgements), and on the status of the model in the literature (e.g., being 262 

regarded as a representative model by specialized review papers, being widely used in 263 

journal-published literature, included in model intercomparison projects, or highly cited 264 

in the literature and bibliographic searches). We carried out a comprehensive 265 

assessment of the resulting selected 80 models (“Main models” in Appendix B), 266 

extracting the information from the technical documentation (peer-reviewed journal 267 

papers or technical reports) wherein the models were comprehensively described. This 268 

analysis was complemented with the assessment of 38 additional models (“Secondary 269 

models” in Appendix B), which was focused on particular aspects, such as specific 270 

processes, representation of interfaces or of specific compartments. Great value was 271 

placed on models incorporating the most comprehensive process representation and 272 

highest degree of sophistication. Besides, the features from further 68 models 273 

(“Complementary models” in Appendix B), extracted from summary tables from model 274 

intercomparisons reported in the literature, were also taken into account to characterize 275 

the extent to which processes are represented within each model type. Overall, 184 276 

papers and technical reports were examined for the analysis of representative models. 277 

 278 

2.1.2. Missing links 279 

Each model is a simplification and thus necessarily includes “gaps” in its representation 280 

of reality. However, here we focus on gaps that in the literature were considered 281 

essential for representing the feedback between compartments. We compiled the 282 

modelling gaps reported in the literature, including gaps in process representation and 283 

system conceptualization, data gaps, as well as gaps in knowledge and process 284 

understanding as perceived by the models under review. In Appendix C we provide the 285 

reported modelling gaps, their implications for prediction accuracy, and the solutions or 286 

alternative approaches suggested in the literature to overcome these problems. For this 287 

systematic review, we examined 162 review papers and publications reporting results 288 

from model intercomparisons published over the last 10 years (2007-2016). Publications 289 

were selected for inclusion from matches found on Web of Science and Google Scholar 290 

search results. Selection was not limited to papers published in high-impact factor 291 

journals, although preference was given to these papers. 292 
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Altogether, a total of 396 implemented and missing processes and primary controls 293 

were identified and provide the basis for our subsequent analyses (see Appendix D). We 294 

tried to balance the number of selected processes considered from each scientific 295 

domain and within each compartment. Selected processes were categorized by the 296 

environmental compartment wherein they take place (i.e., atmosphere, land surface, 297 

soil, freshwaters, and phytosphere and zoosphere), or by the environmental 298 

compartments they link. It has to be kept in mind that the resulting data on missing 299 

processes, or gaps, is firstly based on expert opinions, which might be biased, and 300 

secondly depends on the respective specific modelling aims. However, given the large 301 

number of models and articles from which we extracted our data, we believe that, taken 302 

together, the majority of reported gaps matters for a wide range of relevant research 303 

questions.  304 

 305 

2.2. Data synthesis  306 

To categorize processes and links, environmental compartments (Box 1) were defined 307 

as subjects of study of the selected environmental scientific disciplines; e.g., Geology 308 

was associated to the geosphere, Terrestrial Ecology to the biosphere, and so on. On the 309 

one hand, this approach facilitates a quantitative analytical evaluation of the level of 310 

multidisciplinarity of selected model types. On the other hand, it involves a certain 311 

degree of overlap as certain processes taking place in a specific compartment might be 312 

the subject of different scientific disciplines (e.g., water transport in the soil is studied 313 

by both hydrogeology and soil science and thus considered both a hydrologic and soil 314 

process; growth of crop plants is both an ecological and an agricultural process). 315 

Therefore, processes and drivers connecting scientific disciplines refer to processes that 316 

are linking the subjects of study of those disciplines, which relate to the environmental 317 

compartments they study.  318 

We also assessed how process representation and compartment integration vary across 319 

model types depending on the different system conceptualizations and modelling 320 

perspectives of each environmental scientific discipline. We analysed the relationship 321 

amongst the studied model types following three approaches: 1) grouping model types 322 

based on the processes they incorporate; 2) grouping model types based on the 323 

modelling gaps they share based on experts’ statements in the literature; 3) analysing 324 

the degree of connection between model types depending on both the processes they 325 

incorporate and the relevant processes they miss, to assess the extent to which the 326 

modelling gaps of one model type are accurately represented in models from the rest of 327 

the studied model types. This latter analysis will provide a picture of how a model type 328 

can benefit from conceptualizations, knowledge, process understanding and modelling 329 

techniques of other model types. 330 
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To quantitatively characterize all these complex relationships, we compiled matrices of 331 

existing or missing links and then analysed theses matrices using cluster analysis and 332 

network modelling. 333 

 334 

2.2.1. Characterization of links 335 

We first characterized the full set of processes linking environmental compartments and 336 

scientific domains that are currently implemented in selected model types or have been 337 

reported as modelling gaps in the literature (Box 1). We analyzed how physical, 338 

chemical and biological aspects were connected both within and across scientific 339 

disciplines through modelled processes. For this we developed a matrix whose rows and 340 

columns are defined by all possible discipline-category pairs (Box 1). The entries in the 341 

matrix cells are processes or controls that link two of these pairs because they represent 342 

influence, or control. Thus, if we interpret each discipline-category pair as a node in a 343 

network, each pair of nodes can be linked by one or more processes, i.e. links (Fig. 1). 344 

This representation and terminology will later allow us to use cluster and network 345 

analysis to quantify the interconnectedness of environmental sciences across 346 

compartments.  347 

For example, “water infiltration” is a physical hydrological process that affects the 348 

physical properties of the soil and provides an input to model water movement within 349 

the soil, so there is a directional link from the physics of hydrology, HY-P, to the 350 

physics of soil science, SO-P). The “direction” of a link thus indicates influence and 351 

possibly control. 352 

The entire set of directional links between two discipline-category pairs (nodes) defines 353 

an “environmental tie” (Box 1; e.g., the connection from the physics of the atmosphere 354 

to the physics of the soil, AT-P/SO-P). This connection is directional so that AT-P/SO-P 355 

is different from SO-P/AT-P (Fig. 1); for instance, interception of precipitation by the 356 

soil litter would be an individual process linking AT-P/SO-P, while soil evaporation 357 

would link both nodes the other way round. That means that the matrix is asymmetric, 358 

and so outflow nodes are represented as rows and inflow nodes as columns (see 359 

Appendix D).  360 

Indirect links (interaction between compartments mediated by a third compartment; e.g., 361 

the soil-atmosphere link through plant transpiration) are represented in the matrix as if 362 

they were direct links between both compartments (Fig. 1). On the contrary, processes 363 

that are the subject of study of two disciplines (due to overlap) but are not interfacing 364 

them in any way (e.g., the description of water flows in porous media in soil science and 365 

hydrogeology), are not represented as a link between both disciplines. Each one of the 366 

processes and primary controls represents an individual directional link that contributes 367 
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to one or several environmental ties. We obtained the full matrix of processes and 368 

controls by characterizing every environmental tie (see Appendix D). 369 

 370 

 371 

Fig 1. Examples illustrating the used terminology (in red) and concepts. 372 

 373 

2.2.2. Matrix of existing links (MEL) 374 

After characterizing the 396 selected processes, we developed the matrix of existing 375 

links for each model type, which represents the processes that are actually incorporated 376 

in the models of each analyzed model type. To do this, each individual directional link 377 

of the full matrix was weighted by the frequency with which it is represented in the 378 

models of the respective model type: the link would have a weight of 0 if it is never 379 

represented in the models, 1 when it is only represented in the most complex models, 2 380 

when it is equally represented than not (some models do include the link but others do 381 

not), and 3 when it is always or almost always represented. Besides, the processes 382 

involving agricultural and forestry systems are additionally weighted by how often crop 383 

dynamics and agricultural and forestry practices are represented in the models. This 384 

procedure was based on the model assessment described in section 1.1. The sum of all 385 

the weights of the individual directional links that characterize an environmental tie 386 

defines its weight, that is, the strength of the directional connection between the two 387 

nodes. 388 

 389 

2.2.3. Matrix of missing links (MML) 390 
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As a third step, we developed the same kind of matrix for missing links for each model 391 

type, which represents the processes that are not yet but should be incorporated in the 392 

models of each analyzed model type according to the experts’ opinion. The matrix of 393 

missing links is not necessarily the opposite matrix of the matrix of existing links, as not 394 

all possible links have been considered important or necessary. This is because process 395 

representation is dictated by the purpose the model was designed for and its spatial scale 396 

of application, and constrained by data availability. For example, implementation of 397 

biogeochemistry modules to model biogeochemical fluxes are not required in model 398 

types focused on simulating hydrologic fluxes and states. Likewise, processes occurring 399 

at micro-scales are not implemented in models applied at global scales.  400 

The identification of missing links was based on the modelling gaps reported in the 401 

published literature by experts of the different modelling fields, which were identified 402 

through the systematic literature review described in section 1.2. When the level of 403 

complexity with which missing processes should be incorporated into models was not 404 

explicitly addressed in the literature, we opted for the simplest representation and for 405 

inclusion of just the key processes considered necessary to model a particular 406 

phenomenon, the choice being constrained by model purpose and spatial scale of 407 

application as described above. As in the case of the matrix of existing links, individual 408 

missing links were weighted: a weight of 3 indicates that the necessary missing link is 409 

never implemented in models of the model type, 2 when it is only implemented in most 410 

complex models, 1 when it is equally implemented than not, and 0 when it is 411 

implemented in all or almost all models (so in this case, it would not be actually a 412 

missing link). The sum of all the weights of the individual missing links that 413 

characterize an environmental tie defines its weight (cf. Box 1). 414 

 415 

2.2.4. Matrix of existing-missing links (MEML) 416 

In the last step, we crossed the matrices of existing and missing links (MEL and MML, 417 

respectively), as described above, to obtain a matrix that quantifies the degree to which 418 

missing links identified for one model type are addressed by models of the remaining 419 

model types. Thus not only the unevenness of the representation of interdisciplinary 420 

links in different model types is highlighted, but possible pathways to overcome the 421 

existing restrictions are illustrated. So when the strength of the connection between two 422 

model types is high in this matrix, then there is much scope for improving process 423 

representation in the given model by integrating concepts and knowledge from the other 424 

model type. The weight or strength of the connection between two model types i and j 425 

was calculated as: 426 
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where Wi,j represents the weighted number of existing links in model type i that are 427 

missing in model type j, i.e. Wi,j is a measure that indicates “how much” knowledge 428 

model type j can borrow or integrate from model type i; wi,z represents the weight of the 429 

individual link z in the MEL of model type i; wj,z represents the weight of the individual 430 

link z in the MML of model type j. Division by 3 ensures that this measure scales in the 431 

[0; 3] range to be comparable to the values in the other matrices.  432 

For example, an individual link that is represented in all models of the model type i (it 433 

would have a value of 3 in the MEL) but is never represented in the models of model 434 

type j (value of 3 in the MML) would have a weight of 3; while an individual link that is 435 

roughly represented in 50% of the models of model type i (value of 2 in the MEL) but is 436 

only represented in most complex models of model type j (value of 2 in the MML) 437 

would have a weight of 1.33. The sum of the weights of all individual links defines the 438 

strength of the connection from model type i to model type j. Therefore, the higher the 439 

value of Wi,j, the better model type i could contribute to implement missing links in 440 

model type j. The matrix of existing-missing links represents the strength of the 441 

connection between each pair of the 23 studied model types. 442 

 443 

2.3. Data analysis 444 

We used two statistical analysis approaches to (1) typify groups of model types with 445 

similar process representation or common modelling gaps, and (2) characterize the 446 

patterns underlying such associations based on the structural properties of the network 447 

of implemented or neglected links. 448 

 449 

2.3.1. Cluster analysis 450 

We first used cluster analysis to identify relatedness of model types based on patterns 451 

produced by the typology of either the represented or missing processes (existing or 452 

missing weighted environmental ties). Since different results can be obtained depending 453 

on the clustering algorithm and parameter settings used in the analysis, the most 454 

appropriate clustering solution for a particular individual data set cannot be selected a 455 

priori. Therefore, we computed different clustering solutions and assessed the associated 456 

quality measures to identify the optimal one regarding the clustering algorithm and 457 

method, parameter settings, as well as expected number of clusters. We used the 458 

WeightedCluster R package v1.2 (Studer 2014), which compares different connectivity-459 

based and centroid-based clustering methods through several quality statistics (Point 460 

Biserial Correlation, Hubert’s Gamma, Hubert’s Gamma-Somers’D, Average Silhouette 461 

width, Calinski-Harabasz index, R
2
, and Hubert’s C coefficient; see Studer 2014 for 462 

details). We ranked all computed clustering solutions according to each quality measure 463 

and identified the optimal solution as the one being ranked as the best solution by most 464 
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of quality measures. Further, we computed additional clustering solutions applying 465 

model-based methods by means of the mclust R package v5.2 (Fraley et al. 2016) to 466 

compare the optimal number of clusters and final classification. Comparisons revealed 467 

that in both analyses (clustering of model types based on either existing or missing link 468 

types) agglomerative hierarchical clustering was the optimal clustering algorithm and 469 

Ward's method the optimal linkage method, with the Euclidean distance as the distance 470 

metric to calculate the dissimilarity matrix. The optimal number of clusters and the 471 

classification of model types into clusters matched the optimal solutions provided by 472 

model-based clustering. Therefore, we computed the corresponding dendrograms 473 

running the agnes algorithm function within the cluster R package v 2.0.4 (Maechler et 474 

al. 2016), which were linked to heat maps by means of the gplots R package v3.0.1 475 

(Warnes et al. 2016).  476 

 477 

2.3.2. Network modelling 478 

Secondly we used network modelling to analyse the complexity and topology of the 479 

network linking the physical, chemical and biological aspects of environmental 480 

compartments. Similarly to the cluster analysis, we analysed the structure of both the 481 

connections already incorporated in the models and of the missing connections. Each 482 

node of the network represents a discipline-category pair from the matrices of existing 483 

or missing links, and connections amongst them represent the corresponding weighted 484 

environmental ties. We generated the respective one-mode, directed, weighted networks 485 

for each model type by means of the igraph R package v 1.0.0 (Csardi and Nepusz 486 

2006). We calculated several measures to analyse the properties of the generated 487 

networks, including metrics characterizing distance (betweenness, diameter), 488 

connectivity (density, degree, reciprocity, centrality indices), clustering or transitivity 489 

(clustering coefficient), homophily (assortativity), heterogeneity (alpha coefficient in 490 

the degree distribution power function) and modularity properties (see description of 491 

calculated metrics in Appendix E). We then compared the computed measures between 492 

model types belonging to the different clusters identified in the cluster analyses. 493 

Moreover, we generated a one-mode, directed, weighted network model for the matrix 494 

of existing-missing links to analyse the extent to which the modelling gaps of each 495 

model type are accurately addressed by models from the rest of the studied model types. 496 

All statistical analyses were performed within the R environment (R Core Team 2015). 497 

 498 

3. Results 499 

3.1. Implemented links 500 

Model types are clustered into six clusters based on the typology of processes they 501 

incorporate (Fig.2; see also Table 1). The first cluster encompasses exclusively weather 502 
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and climate models, which separate from the rest of the model types because they are 503 

the only ones that explicitly model physical and chemical atmospheric processes. All 504 

other model types use atmospheric data only as forcing data and aggregate into two 505 

branches. The first branch, comprising the second and third cluster, include ecosystem 506 

and ecological models that implement a large number of environmental ties connecting 507 

the biological aspects of the terrestrial ecology domain with the rest of discipline-508 

category pairs; model types from clusters of the second branch have, on the contrary, a 509 

poor representation of terrestrial biological processes.  510 

The ecosystem models from the second cluster incorporate a comprehensive integration 511 

of most environmental compartments through physical and chemical processes that is 512 

lacking in the model types from the third cluster, which basically focus on biological 513 

processes. From the model types of the second branch, aquatic models (cluster six) 514 

separate from the rest because they neglect most landscape processes, and just focus on 515 

physical, chemical and biological processes within the freshwater system. The 516 

hydrologic models comprising the fourth cluster incorporate a more comprehensive 517 

representation of hydrologic (both in the surface and subsurface) and soil physical 518 

processes, and their connections to atmospheric physical properties, than the soil and 519 

geologic models from the fifth cluster. Besides, a main discrimination feature was that, 520 

despite the fact that hydrologic models neglect in general most biological processes, 521 

they highly incorporate environmental ties related to terrestrial ecological physical 522 

processes and controls; soil evolution and geologic models ignore most processes 523 

connected to terrestrial ecology. 524 

There are significant differences between model types from the different clusters in the 525 

strength (sum of weights) of implemented environmental ties (ANOVA, F5,17=9.49, p < 526 

0.001). The post-hoc Tukey test revealed three categories: a group with most 527 

comprehensive process representation including model types from clusters 1 and 2 528 

(520.4±118.5 and 523.9±70.7 average sum of weights, respectively), a second group 529 

with just hydrologic model types (cluster 4, 369.8±159.2), and a third group with fewer 530 

processes represented including model types from clusters 3, 5 and 6 (207.4±87.4, 531 

170.6±78.6 and 232.0±106.1, respectively). 532 

The role of single disciplines and categories is revealed by the vertical structures 533 

(columns) in Fig.1. Among the three categories, most of the identified links relate to 534 

physical processes, and the least to biological processes. In the physics category, links 535 

related to atmospheric science, hydrology and soil science are prevalent in many 536 

different model types. Among these three only soils science plays a pivotal role within 537 

the chemistry category as well, but none of them are relevant in the biology category. In 538 

contrast, terrestrial ecology is the only discipline with many interdisciplinary links 539 

implemented within all three categories (physics, chemistry and biology; Fig.2), 540 
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especially within cluster one and two (number of weighted links typically over 25, 541 

orange tones in Fig. 2). 542 

 543 

 544 

Fig 2. Number of weighted intra- and interdisciplinary links between single disciplines and categories (x-545 

axis) to other disciplines and/or categories implemented in different model types (y-axis). The upper left 546 

inset gives the colour code for the number of weighted links (yellow to dark red) and the frequency of 547 

links per bin (cyan line). Grey cells in the main graph denote links not implemented in model types. The 548 

dendrogram at the left y-axis shows the results of a cluster analysis of model types based on number and 549 

kind of implemented interdisciplinary links. Cluster numbers are shown in the dendrogram. The purple 550 

colour code at the left y-axis denotes the approximate spatial scale of application of the respective model 551 

type (see legend to the upper right). Horizontal white lines in the main graph separate different clusters, 552 

vertical white lines separate different categories. 553 

 554 

The network models reveal more details of the connectivity patterns for the different 555 

model types (Fig. 3). There are marked differences in network structure and complexity 556 

between model types belonging to the different clusters identified through the 557 

hierarchical cluster analysis (see Fig. E.1 and Table E.1 in the appendices). The most 558 

comprehensive ecosystem model types from the second cluster and the regional climate 559 

system model type show the highest connectivity between environmental aspects and 560 

scientific domains (higher density, mean degree and betweenness), and regularity 561 
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(clustering), which indicates a better flow of information through the network (Table 562 

E.1 and Fig. E.1). These model types are also more modular than the rest of model types 563 

(Table E.1 and Fig. E.1). High modularity (dense connections between the nodes within 564 

modules but sparse connections between nodes in different modules) is an important 565 

feature as it allows the adaptation of different functions with a small amount of 566 

interference with other functions. At the other end of the spectrum, soil evolution, 567 

geologic and aquatic models show the lowest connectivity and integration, mainly 568 

incorporating processes from a lower number of compartments. All model types show a 569 

low heterogeneity in their connectivity patterns, i.e. their networks do not tend to be 570 

characterized by a few central nodes being connected to many others (Fig. E.1). The 571 

networks do not show assortative mixing by either degree or discipline, that is, high-572 

degree nodes do not tend to attach to other high-degree nodes, as well as nodes do not 573 

tend to attach to nodes of the same scientific discipline. Nevertheless, they all show, in 574 

general, a positive assortativity by category, so that nodes have a tendency to tie to 575 

nodes of the same category (physics, chemistry, or biology). 576 

Strong links are established between various disciplines in the physical category, 577 

especially between atmospheric science, soil science, and hydrology. A large fraction of 578 

these links describe weather and climate effects on other compartments of 579 

environmental systems. In contrast, there are only very few links between geology or 580 

freshwater systems and other environmental disciplines implemented in models. Many 581 

chemical and biological processes are restricted to links within the same discipline-582 

category (indicated by loops) and are neither connected to the same category in other 583 

disciplines, nor to different categories of other disciplines. 584 

 585 
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 586 

Fig 3. Network models for environmental ties in the 23 model types. Boxes delineate the six clusters of 587 

model types (cf. Fig.2).  Discipline-category pairs are represented by nodes (full circles coloured 588 

according to category, same position in all networks) and environmental ties by edges (loops in case of 589 

internal links). Disciplines are coded as indicated in Box 1. Physics, chemistry and biology categories are 590 

coloured in blue, red and green, respectively. The width of the edges is scaled by the sum of weights of 591 

the individual links connecting both nodes, while node size corresponds to the sum of weights of all 592 

environmental ties flowing in and out of the node. Scaling applies within individual networks so node 593 

sizes and edge widths are not comparable across network models.  594 

 595 

3.2. Missing links 596 

Modelling gaps reported in the literature (see Appendix C for full description and 597 

bibliographic sources) are summarized in Table 1, differentiated according to 598 

environmental compartment. 599 

We identified seven clusters of model types (Fig. 4; see also Table 1), exhibiting two 600 

main branches. The perceptions from expert modellers is that model types from the 601 

lower branch should incorporate a wider and more complex range of biological and 602 

biochemical processes related to disciplines from life sciences focused on terrestrial 603 

landscapes (terrestrial ecology, agricultural and forestry sciences) and processes and 604 

factors connected to soil biogeochemical cycles, compared to the model types from the 605 

upper branch. This differentiation emerges from contrasting conceptualization of the 606 

model system and the role played by the phytosphere (the zoosphere is neglected in 607 

most models) on it, which are highly dependent on model purpose.  608 
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There are significant differences in the sum of weights of missing environmental ties 609 

between model types from the different clusters (ANOVA, F5,17=6.0, p < 0.01). The 610 

post-hoc Tukey test revealed that model types from the first five clusters have a 611 

significantly higher sum of weights of missing ties than model types from clusters 6 and 612 

7. The sum of weighted missing environmental ties is higher than the sum of weighted 613 

existing environmental ties in all model types (cf. Fig. 2), and thus the mean values 614 

(686.1±240.8 and 354.8±177.0, respectively) differ significantly (ANOVA, F1,44=28.3, 615 

p < 0.0001). Interestingly, there is a significant positive correlation (Pearson-r = 0.53, p 616 

< 0.01) between the represented and missing weighted environmental ties, so that model 617 

types including a higher number of processes and drivers are perceived to require a yet 618 

higher number of additional processes and controls. 619 

 620 

 621 

Fig 4. Number of weighted intra- and interdisciplinary missing or misrepresented links between single 622 

disciplines and categories (x-axis) to other disciplines and/or categories implemented in different model 623 

types (y-axis). Due to the different cluster structure the ordering of model types on the y-axis differs from 624 

the ordering in Fig. 2 representing the existing links. The upper left inset gives the colour code for the 625 

number of weighted links (yellow to dark red) and the frequency of links per bin (cyan line). Grey cells 626 

denote links that are either accurately represented or not considered necessary. The dendrogram at the left 627 

y-axis shows the results of a cluster analysis of model types based on number and kind of missing 628 

interdisciplinary links. Cluster numbers are shown in the dendrogram. The purple colour code at the left 629 

y-axis denotes the approximate spatial scale of application of the respective model type (see legend to the 630 
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upper right). Horizontal white lines in the main graph separate different clusters, vertical white lines 631 

separate different categories. 632 

 633 

The networks provide detailed information about the nature of missing environmental 634 

ties (Fig. 5, Fig. E.2). The vegetation subsystem plays a central role in all model types 635 

from the lower branch of the dendrogram (clusters 1 to 4). These are models that are 636 

either targeted at simulating the dynamics of the terrestrial vegetation (forests or 637 

agricultural systems) to predict their distribution, structure, function or production, or 638 

need to incorporate it as a dynamic component to simulate fluxes and cycling of water, 639 

carbon or nutrients through the ecosystem. This requires an accurate representation of 640 

the water fluxes through the soil-vegetation-atmosphere (SVA) system, the soil 641 

biogeochemical cycles and transport of nutrients, as well as disturbance factors affecting 642 

the vegetation component. Therefore, despite a more comprehensive representation of 643 

the vegetation subsystem (see connections to TE-P; TE-C and TE-B in Figs. 2 and 3), it 644 

is perceived that these model types should still incorporate a much higher number of 645 

processes driving plant population and community dynamics, plant eco-physiological 646 

processes, and their connections to hydrological and biogeochemical fluxes and cycles, 647 

as well as to processes in the atmospheric boundary layer, than hydrologic, soil 648 

evolution and geologic model types, which actually lack or have a poor representation 649 

of the vegetation system. In consequence, biological terrestrial ecological and chemical 650 

soil processes represent dominant nodes in the networks of missing links of model types 651 

from the first four clusters resulting from hierarchical clustering based on missing links 652 

(see Fig. E.2 for representation of networks topology). In the case of regional climate 653 

and hydro-climate models, experts suggest they should naturally evolve towards 654 

regional climate system models, incorporating processes and conceptualizations from 655 

the current generation of terrestrial biosphere models, which involves a more accurate 656 

representation of the ecological system and its connections to physical and 657 

biogeochemical processes of the soil. 658 

As a general pattern, it has often been suggested that model types from the first four 659 

clusters resulting from hierarchical clustering based on missing links (Fig. 4) should 660 

include a better representation of crop dynamics and agricultural and forestry practices 661 

(except for forest and agro-ecosystem models, of course), disturbance factors (e.g., fire 662 

or insect outbreaks), and faunal processes, due to their direct impacts on vegetation 663 

dynamics and indirect effects on carbon and nutrient cycles and emission of trace gases. 664 

As differential missing environmental ties, model types from the second cluster should 665 

improve the representation of processes driving fluxes through the SVA system 666 

(connections to AT-P node in Fig. 5 and Fig. E.2), while model types from clusters 3 667 

and 4 lack accurate modelling of nutrient and carbon transport processes in the soil (ties 668 

from HY-P and SO-P to SO-C). Ecohydrologic models from the fourth cluster 669 
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additionally lack proper connections to the aquatic systems (ties from HY and SO to 670 

FW nodes). 671 

Model types from the upper branch of the dendrogram (clusters 5-7; Fig. 4) focus on 672 

physical and chemical transformations, and/or flow of matter (water, solutes, sediments, 673 

energy), except for the general ecosystem model type, so the vegetation component (and 674 

life forms, in general) plays a marginal, if any, role. However, it is widely accepted that 675 

its representation must be improved to model its effects on physical and chemical 676 

properties of the land surface and soil compartment and on processes taking place there. 677 

It requires the incorporation of, at least, a simple representation of the SVA system 678 

(connections between AT-P, SO-P, HY-P and TE-P nodes). Hydrologic and aquatic 679 

models from the fifth cluster should incorporate more of biogeochemical cycles and 680 

nutrients and carbon transport processes in the soil, as well as proper representations of 681 

water and biogeochemical exchanges between the soil and groundwater and the aquatic 682 

system though the hyporheic zone, in order to properly model water quality and aquatic 683 

biogeochemistry. Thus, SO-P, HY-P, SO-C, FW-P and FW-C are central nodes in the 684 

networks of missing processes (Fig. 5 and Fig. E.2). In contrast, links to or from 685 

geological and freshwater systems processes were hardly missed in the literature in spite 686 

of the small number of established links (cf. Fig. 3). Missing links to freshwater systems 687 

are considered relevant mainly in model types from clusters 4 and 5 and for the general 688 

ecosystem model type. Model types from the sixth and seventh cluster require a 689 

stronger incorporation of biochemical and geochemical processes related to soil forming 690 

processes as well as the control of water processes on them (connections from SO-P and 691 

HY-P to SO-C and GE-C). General ecosystem models need to incorporate processes 692 

modelling nutrient and water fluxes and their connection to the biological components 693 

through both the terrestrial and aquatic systems. 694 

Comparing Fig. 5 with Fig. 3 reveals two major differences: Firstly, there are many 695 

more processes restricted to single disciplines and categories in Fig. 5 compared to Fig. 696 

3 (represented as loops in the network models). Secondly, missing links between 697 

different disciplines and categories do not show any clear pattern for most clusters, 698 

except for the fact that links to freshwater science and geology are hardly missed for 699 

most model types. Thus the assumption that the comprehensive compilation of 700 

respective review and opinion papers of various disciplines would reveal emerging hot 701 

spots of missing links did not hold true. Rather, the pattern suggests a reinforcement of 702 

already implemented links. 703 

 704 
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 705 

Fig 5. Network models for the 23 model types representing environmental ties missing in simulation 706 

models. Boxes delineate the seven clusters of model types (cf. Fig.4).  Discipline-category pairs are 707 

represented by nodes (full circles coloured according to category, same position in all networks) and 708 

environmental ties by edges (loops in case of internal links). Disciplines are coded as indicated in Box 1. 709 

Physics, chemistry and biology categories are coloured in blue, red and green, respectively. The width of 710 

the edges is scaled by the sum of weights of the individual links connecting both nodes, while node size 711 

corresponds to the sum of weights of all environmental ties flowing in and out of the node. Scaling 712 

applies within individual networks so node sizes and edge widths are not comparable across network 713 

models. 714 

 715 

3.3. Possible compensatory knowledge transfer between disciplines 716 

In Fig. 6 rows denote the missing links stated in the literature for different model types, 717 

and columns denote the links that are actually implemented in the respective model 718 

types. For example, the fifth row indicates the processes that many authors recommend 719 

to consider in soil evolution landscape models. These links are actually already 720 

commonly implemented in other model types that are listed in the first nine columns, as 721 

indicated by dark raster cells. Please note that the order of model types at the x- and y-722 

axis differs corresponding to the respective dendrograms D1 and D2, and thus the 723 

diagonal of the matrix is meaningless.  724 

Red and dark yellow raster cells are more aligned along rows rather than along columns. 725 

That means that this analysis reveals more a lack of implementation of known processes 726 

in certain model types rather than a general lack of knowledge about and modelling of 727 

single links. However, what seems to be good news could in fact indicate a systematic 728 
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bias: Experts tend to state a need for links that are already known and implemented 729 

elsewhere, and tend not to miss links that have rarely been implemented at all. 730 

In contrast, columns 3-9 exhibit a large number of dark raster cells. This indicates that 731 

the respective rather complex regional climate system models and models of the second 732 

cluster of the represented links (D2 in Fig. 6) are characterized by the implementation of 733 

most of the links that experts are missing in other model types. These include mainly 734 

ecological and biogeochemical processes, as well as the hydrologic controls on these 735 

processes, and an improved representation of the SVA system. Likewise, all hydrologic 736 

model types can provide conceptualizations and representations of hydrological 737 

processes that are missing in soil evolution, geologic, aquatic, and less comprehensive 738 

ecological models (clusters 5-7 in D1). The opposite holds for models in the last two 739 

clusters of the represented common processes that can contribute only little to 740 

compensate for deficiencies in other model types. 741 

However, when we focus on “rare” processes, some specific model types acquire a 742 

higher relevance as they are the only ones that incorporate important processes that are 743 

recurrently reported as missing in most model types (Fig. 6). Given that soil processes 744 

and agricultural practices (to a lesser extent) are largely misrepresented in most model 745 

types, ecosystem biogeochemistry and agro-ecosystem models play a central role in the 746 

network of connections between model types. Hydrologic models including transport of 747 

solutes can provide conceptualizations to all disciplines that aim at incorporating lateral 748 

and vertical transport of carbon and nutrients to simulate redistribution across 749 

landscapes, and also to model flux exchange with aquatic systems. A wide range of 750 

model types can incorporate modules from reactive transport models to simulate 751 

geochemical (e.g., chemical weathering) and reactive transport of pollutants or 752 

nutrients, both in terrestrial and aquatic environments. Forest models should play a 753 

relevant role on transferring representations of specific processes related to plant 754 

community dynamics, forestry practices and forest disturbance. In the same way, most 755 

complex physical-chemical processes represented in aquatic models should be 756 

incorporated in model types aimed at predicting water quality or emission of carbon or 757 

trace gases from aquatic environments (e.g., riparian areas or wetlands). In addition, 758 

there is a wide range of missing processes that are not incorporated yet in the model 759 

types included in this study but that have been accurately addressed in other intra-760 

disciplinary models, such as microbial, bioturbation or plant-physiological models (Fig. 761 

E.3). Finally, more research is required before we can incorporate into models many 762 

relevant processes that are still missing (Fig. E.3). 763 

 764 
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 765 

Fig 6. Relationship of the 23 analysed model types based on the processes represented and missing in the 766 

models. Model types in rows are clustered based on similarities in the typology of environmental ties 767 

misrepresented in the models (clustering in Fig. 4). Model types in columns are clustered based on 768 

similarities in the typology of environmental ties represented in the models (clustering in Fig. 2). Shading 769 

intensity in the heat maps indicates the sum of weights of all individual processes missing in model types 770 

displayed in rows that are represented in model types displayed in columns (weighted links). Grey cells 771 

indicate no connection. The graph at the top left represents the colour key for the heat map, the x-axis 772 

showing the splitting points for binning weighted links into colours, and the cyan line indicating the 773 

number of cells of the heat map within each bin. It is differentiated between common and rare missing 774 

individual processes. Common processes refer to processes that are routinely incorporated into models 775 

(weight of 2 or 3 in the matrix of existing links) of more than 10% of studied model types; rare processes 776 

refer to those that are currently represented only in most complex models (weight of 1 in the matrix of 777 

existing links) or routinely incorporated into models of less than 10% of studied model types. White lines 778 

in the heat maps separate different clusters. The dendrogram at the left y-axis (D1) shows the results of a 779 

cluster analysis of model types based on number and kind of missing interdisciplinary links, while 780 

dendrograms at the top x-axis (D2) shows the results of a cluster analysis of model types based on 781 

number and kind of implemented interdisciplinary links. Cluster numbers are shown in each dendrogram. 782 

 783 

4. Discussion 784 

4.1. Analysing numerical models as repositories of scientific knowledge 785 

Our study aimed at surveying the state of current scientific knowledge about dynamical 786 

links between different compartments of terrestrial environments that are the subject of 787 

different scientific disciplines. A comprehensive survey of the literature of the 788 
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respective disciplines would have been far from feasible. Instead, we performed an 789 

analysis of a selection of comprehensive process models deemed to be representative by 790 

experts of the respective disciplines. That approach is based on the basic assumption 791 

that models can be regarded as condensed repositories of scientific knowledge, or as 792 

“collective intelligence” of the respective discipline (Beven 2001).  793 

In general, (natural) science can be regarded as “a process of constructing predictive 794 

conceptual models” (Gilbert 1991). Here, the term “computer model” or “process 795 

model” is restricted to approaches of dynamic system theory of deterministic cause-796 

effect relationships, being aware of the fact that a plethora of other model approaches 797 

exist, e.g., to mimic observed behaviour. However, this does not necessarily mean 798 

computer  models that try to mimic the interplay of various single processes in a 799 

quantitative way. This type of modelling is more common in some disciplines of 800 

environmental sciences compared to others which surely introduced some bias in our 801 

analysis. In addition, computer models usually serve specific aims and are restricted to 802 

certain temporal and spatial scales rather than aiming at representing the complete state 803 

of science. That does not only affect the selection of single processes being modelled 804 

but also the selection of links between different compartments. For example, geological 805 

processes act at different time scales compared to biogeochemical processes in 806 

freshwater systems and thus are rarely linked in numerical models. Correspondingly, 807 

links that turned out not to be implemented in coupled environmental models are not 808 

necessarily deemed essential by experts, as has been shown in this study (cf. Appendix 809 

F: Ratio of process representation). 810 

In addition numerous subjective decisions had to be taken that can all be questioned, 811 

e.g., with regard to the selection of models, the identification and classification of 812 

disciplines, processes, etc. They have been extensively discussed within the group of 813 

authors and with additional experts in order to minimize any bias as far as possible.  814 

 815 

4.2. Existing and missing links in environmental sciences 816 

Our analysis reveals strong dichotomies in system conceptualization and large 817 

differences in process representation and level of integration of environmental 818 

compartments among model types. Six main conceptualization issues stand out: 819 

1) In general, the total number of processes linking different disciplines is clearly the 820 

largest for the physics category, and the least for the biology category. This has not 821 

necessarily to be interpreted in terms of shortcomings of knowledge or of modelling 822 

activities in environmental biology. Rather it might point to the fact that quantitative 823 

models are more characteristic for the aspirations in the physical categories of 824 

environmental disciplines to assess quantitative predictions from first principles 825 

whereas there are hardly any rigorous basic equations in biology due to the flexibility 826 
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and adaptability of biological systems. Thus a type of models with strict cause-effect 827 

relationships might be considered less suitable within biological sciences. On the other 828 

hand, the flexibility and adaptability of biological systems significantly hampers the 829 

implementation of the respective feedback in physics-type models, wherein they are 830 

often treated as more or less static properties. Moreover, this limited predictability 831 

might be a reason why highly-interconnected models are less common within the 832 

biology category (Figs. 3 and 5) as the uncertainty of coupled models would increase 833 

substantially.  834 

2) On the one hand, ecological model types (forest, food web, general ecosystem) have 835 

a simplified representation of the physical and chemical environment where the 836 

biological system is embedded. On the other hand, models focused on physical and 837 

chemical transformations, and/or flow of matter (water, solutes, sediments, energy), 838 

have a simplified representation of life forms and biological processes. This pattern was 839 

consistent in all physical and chemical model types, from atmospheric and hydrologic 840 

modelling (e.g., Lyon et al. 2008) to reactive transport (Steefel et al. 2015), soil 841 

evolution and landscape evolution model types (Minasny et al. 2015). Only model types 842 

aimed at predicting carbon cycling, trace gas emissions or biogeochemical fluxes 843 

(terrestrial biosphere, ecosystem and ecohydrologic biogeochemistry models), or 844 

models for which soil biogeochemistry is pervasive for their purpose (agro-ecosystem 845 

and water quality models) have a more balanced representation of physical, chemical 846 

and biological processes, and a more comprehensive integration of environmental 847 

compartments (see Appendix F).  848 

3) There seems to be an important mismatch in the conceptualization of the landscape-849 

aquatic continuum between model types from freshwater sciences and the rest of 850 

scientific disciplines in which this continuum is relevant at their spatial scale of 851 

application. Aquatic models do not typically integrate landscape (both land surface and 852 

soil) and aquatic aspects, and do not explicitly model delivery and transformation 853 

processes occurring in the different terrestrial compartments, which are then included as 854 

boundary conditions (Bouwman et al. 2013). Conversely, catchment hydrologic model 855 

types, including water quality and ecohydrologic models, conceptualize rivers as 856 

delivery mechanisms of matter and nutrients to aquatic ecosystems rather than 857 

considering them as aquatic ecosystems in their own right, and hence include no or only 858 

few in-stream biogeochemical processes, assuming that landscape generation processes 859 

are dominant in determining river nutrient loads (Robson 2014). Likewise, integrated 860 

models of the terrestrial system (regional climate and terrestrial biosphere models) 861 

typically consider three stacked media - subsurface, including ground and surface water, 862 

vegetation, and atmosphere, in which freshwaters play a minor role as only physical 863 

processes and exchange fluxes of water, energy and momentum between large water 864 

bodies and the atmosphere are accounted for. In those model types, biogeochemical and 865 

ecological processes are not considered, and rivers, floodplains and wetlands are 866 
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neglected despite their role on global carbon cycling and trace gas emissions (Arneth et 867 

al. 2010, Fisher et al. 2014, Sutfin et al. 2016). 868 

4) Vertical transport of matter is predominantly represented over lateral fluxes in most 869 

model types except for hydrological and hydrogeological models. Overall, the processes 870 

of erosion and the transport of sediments, carbon and nutrients in surface runoff and 871 

their spatial distribution across the landscape and their delivery to streams and other 872 

water bodies are hardly represented in current models from the analysed model types 873 

(Minasny et al. 2015, Doetterl et al. 2016, Vereecken et al. 2016b).  Likewise, transport 874 

of matter in the soil is an issue that overall requires much improvement in many model 875 

types analysed here based on the experts’ statements (see Table 1). Most model types, 876 

except hydrologic, regional climate and reactive transport models, neglect lateral flows 877 

of water, sediment, organic matter, and nutrients, and so redistribution across 878 

soilscapes. 879 

5) Regarding the conceptualization of the biosphere, faunal processes are hardly 880 

considered compared to plant processes, even in ecological model types (except for 881 

food web and general ecosystem models), despite their direct and indirect impacts on 882 

hydrology (Westbrook et al. 2013) and vegetation and crops dynamics (van der Putten 883 

et al. 2009, Fisher et al. 2014), their influence in soil formation and evolution 884 

(Samouëlian and Cornu 2008), and their role on mediating carbon dynamics and other 885 

biogeochemical cycles (Schmitz et al. 2010, 2014). Fluxes of water, energy, nutrients 886 

and pollutants between the atmosphere and soil compartments across the land surface 887 

interface are predominantly governed by transport and turnover processes in the soil-888 

vegetation continuum (Grathwohl et al. 2013). In consequence, much emphasis has 889 

been put into modelling with ever increasing accuracy plant eco-physiological processes 890 

and vegetation dynamics while neglecting their above and belowground interactions 891 

with higher trophic level organisms and other life forms. 892 

6) The naïve assumption, that the set of missing links (Fig. 4) would present a pattern 893 

inverse to that of implemented links (Fig.2), did not hold. Instead, the emerging patterns 894 

show remarkable similarities, not only with regard to a strong bias towards the physical 895 

category. This could indicate that even with respect to missing interdisciplinary links 896 

researchers tend not to think outside the box of the well-known processes and models. 897 

This is in line with another observation, that is, that no clear pattern emerged with 898 

respect to suggested future research efforts. Thus our results can hardly be used as a 899 

guideline for research strategies. In contrast, there seems to be urgent need for 900 

integrated system approaches and a corresponding theoretical basis rather than simply 901 

combining results and model approaches from different disciplines. The present study 902 

also shows that, in general, missing processes are primarily located in the soil 903 

compartment, including mainly chemical - e.g., carbon and nutrients cycles, soil-904 

forming processes and geochemical transformations - and physical - e.g., water, 905 
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sediment, solutes and gas transport - processes. In addition, experts claim also a need to 906 

better integrate soil physical and chemical knowledge with agronomic and plant 907 

physiological knowledge. In addition, despite the importance of soil biological activity, 908 

modellers currently lack adequate tools to predict rates of biological processes in 909 

specific soil environments or link genetic diversity to soil ecosystem functioning 910 

(Vereecken et al. 2016b). Most relevant is the fact that microbial processes are still far 911 

from being well understood and accurately incorporated in models. Experts feel that 912 

there is need to explicitly consider microbial growth kinetics instead of using 913 

conceptual approaches based on first-order decay kinetics of multiple soil organic 914 

matter pools, to link specific features affecting model parameters of microbial growth, 915 

physiology and activity with spatial and temporal variation in soil physical and 916 

chemical properties, to model changes in microbial activity linked to adaptive 917 

mechanisms, or to incorporate functional groups to represent microbial diversity 918 

(Treseder et al. 2012, Wieder et al. 2013, Tang and Riley 2014). 919 

 920 

4.3. Towards an integral understanding of environmental systems  921 

According to the perceptions of the experts we are still far from a full quantitative 922 

understanding of environmental systems, as the number of reported missing links is 923 

much higher than the number of represented links in most model types. It is not only the 924 

fact that relevant links are still missing even in high-end more complex research 925 

models, but also that these next-generation models are perceived to be in need to 926 

incorporate a larger number of processes and drivers than more simple model types 927 

(Figs. 2 and 4). There is a self-reinforcing mechanism at play by which the more 928 

complex models get the more complex modellers believe they should evolve. There are 929 

certainly highly relevant missing processes that are acknowledged by and recurrent in 930 

the literature of most model types. However, the need to incorporate other processes is 931 

vastly dependent on the modeller’s perception, and the benefits of their implementation 932 

for prediction accuracy compared to their actual constraint to model performance are 933 

decidedly uncertain. Thus our meta-analysis was not successful with respect to  934 

assessing the paths through which environmental sciences should evolve and determine 935 

where future efforts should be focused on. We were able to compile, though, a guidance 936 

for in which other discipline modellers might find suitable representations for the links 937 

claimed missing in their own discipline (Fig. 6). 938 

According to our results, models used for regional climate systems, ecosystems (i.e., 939 

ecosystem biogeochemistry, agro-ecosystem and (agro-) terrestrial biosphere) and water 940 

quality processes exhibited the largest degree of interconnectedness (see Appendix F). 941 

The dynamic links implemented in these models could be used in other models to 942 

replace boundary conditions with simple approaches and conceptualizations borrowed 943 

from other interdisciplinary or disciplinary modelling fields (Figs. 6 and E.3), and thus 944 
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allow for representation of driving feedback interactions between compartments. In this 945 

respect, while most comprehensive ecosystem models can transfer conceptualizations 946 

and representations of a wider range of processes and factors that are missing in many 947 

analysed model types, there are key model types that incorporate rare but potentially 948 

highly relevant processes that are missing in most model types, and thus could be 949 

central nodes for the evolution of complex integrated numerical models. The transfer of 950 

knowledge, conceptualizations and modelling approaches from disciplinary model types 951 

that were not covered in this study (e.g., river ecohydrologic, microbial, root, or eco-952 

physiological plant models) will certainly play also a key role in this evolution (Fig. 953 

E.3).  954 

Our analysis also reveals that there are still many gaps in knowledge about potentially 955 

relevant feedback mechanisms and processes interfacing environmental compartments 956 

that preclude the development of more integrated models (Appendix B, Fig. E.3). In this 957 

respect, the pedosphere seems to be the great unknown despite its pivotal role on 958 

controlling energy and matter (water, sediment and solutes) transfer across the whole 959 

terrestrial system as it shares dynamic interfaces with all the rest of environmental 960 

compartments, and thus, it is wherein considerable research efforts should focus on to 961 

attain a full understanding of the integral environmental system. 962 

No clear pattern emerged from our analysis of proposed dynamic links between 963 

different environmental systems’ compartments that future research should focus on. 964 

This might be considered indicative of a more fundamental problem. Contrary to, e.g.,  965 

physics or chemistry, environmental sciences so far lack a common sound theoretical 966 

basis that would guide research activities outside the boxes of scientific disciplines. Our 967 

findings suggest that there is little hope that environmental research would inevitably or 968 

pragmatically converge towards an integrated environmental systems theory.  969 

In any case, there seems to be an evident need of integrated system-based terrestrial 970 

research platforms in which ecosystem-level monitoring and long-term cause/effect-971 

based experimentation can provide data and understanding on interactions and 972 

feedbacks between physical, chemical and biological processes in such a way that novel 973 

modelling approaches and theoretical frameworks can be developed and tested. These 974 

research infrastructures should employ a cross-scale and multi-compartment approach, 975 

covering large spatial scales to allow for testing novel upscaling techniques. 976 

 977 

5. Conclusion 978 

Environmental systems have been proven to be subject to numerous links and feedbacks 979 

between the realms of different scientific disciplines. However, these links are neither 980 

well studied due to the disciplinary structure of environmental research, nor is there a 981 

systematic survey for possible blind spots in science. This study aimed at providing 982 
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some basic information and first evidence. To that end, an extensive review was 983 

performed, analysing 346 review papers with respect to interdisciplinary links 984 

implemented in 23 model types (118 models) from eight environmental disciplines as 985 

well as compiling missing links postulated in the scientific literature.  986 

Key findings and their implications were: 987 

 There were clear and significant differences between model types and 988 

disciplines with respect to implemented interdisciplinary links. The most wide-989 

spread interdisciplinary links are between physical processes in meteorology, 990 

hydrology and soil science that drive or set the boundary conditions (e.g., air 991 

temperature, precipitation) for other processes. In addition, there are many 992 

interdisciplinary and/or inter-category links established from or to terrestrial 993 

ecology processes, comprising physical as well as chemical and biological 994 

processes. In contrast, freshwater and geological processes were hardly linked to 995 

processes in other environmental disciplines. 996 

 Interdisciplinary physical processes were the most commonly implemented, and 997 

biological processes the least ones. That could be, partly at least, due to 998 

principally differing basic properties of physical versus biological systems. 999 

Including more biological processes in existing models seems to be more than 1000 

just a technical challenge due to less strict cause-effect relationships of 1001 

biological compared to physical processes in environmental systems. 1002 

 Many of the missing links postulated in the literature for single model types are 1003 

already implemented in other model types. Thus single model types could 1004 

benefit substantially from other model types. 1005 

 Missing interdisciplinary links stated in the literature tended to mimic the pattern 1006 

of existing links. In addition, missing links have mostly been postulated for 1007 

complex models. Thus there is a clear tendency in the scientific literature to 1008 

reinforce the existing rather than at identifying new emerging fields of 1009 

interdisciplinary environmental sciences as a guideline for future research 1010 

strategies. 1011 

This study is a first step. We highly encourage similar studies following different 1012 

approaches. We strongly feel that an inventory of the state of the science and 1013 

identification of strengths and weaknesses of current research of the terrestrial 1014 

environment would be worthwhile to foster scientific progress beyond disciplinary 1015 

boundaries. 1016 

 1017 
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Table 1. Degree to which analysed model types represent main categories of processes and factors from the different environmental compartments based on model purpose. Symbols 

indicate:  accurate representation, ≈ representation should be improved,  poor or lack of representation, — representation not necessary. 

Scientifc disciplines Atmospheric science Hydrology Soil science Geology Terrestrial ecology 
Freshwater 

science 
Agricultural sciences Forestry sciences 

Processes/Model types RCM Hydro-RCM RCSM Hydro Macro-Hydro Hydro-WQ EcoHydro EcoHydro-BGC Ecosyst-BGC Soil-Evo-prof Soil-Evo-land React-Trans LEM TBMoff TBMon Food-web GEM River Lake Agro-Eco Agro-TBM Forest-land Forest-gap 

Atmosphere 
                       

Atmospheric physics    — — — — — — — — — — — — — — — — — — — — 

Atmospheric chemistry    — — — — — — — — — — — — — — — — — — — — 

Land surface 
                       

Land surface-Atmosphere 

water fluxes 
    ≈ ≈   ≈    —   — —   ≈   

Land surface-Atmosphere 

energy fluxes 
   ≈ ≈  ≈ ≈ ≈    —   — — — —   — — 

Land surface hydrology ≈    ≈    ≈  ≈  ≈ ≈      ≈ ≈  

Soil erosion — — —           — — — —   ≈  — — 

Sediment transport — — —           — — — —     — — 

Solute transport — — —   ≈       — — — — —     — — 

Soil 
                       

Surface-subsurface water 

flow coupling 
        — — —  — —  — — — — — — — — 

Soil hydrology     ≈ ≈ ≈ ≈ ≈ ≈    ≈ ≈     ≈ ≈  

SOM cycling    —  ≈    ≈  — —         ≈ ≈ 

N cycling    —  ≈  ≈    — — ≈ ≈      ≈  

P cycling    —  ≈   ≈ — — — —   — —   ≈   

Trace gas emissions   ≈ — — — — ≈  — —  — ≈ ≈ — — — — ≈ ≈  

Microbial processes    — —  —  ≈    —          

Chemical weathering — — —  —      ≈   — — — — — — — — — — 

Heat transfer ≈   ≈   ≈ ≈ ≈     ≈  — — — — ≈  — — 

Gas transport — —  — — — —  ≈ ≈   —   — — — — —  — — 

Solute transport — — —       ≈   —    —      

Reactive transport — — —  —  — —  ≈    — — — — — —  — — — 

Soil genesis and evolution — — —  —      ≈   — — — — — —  — — — 

Vegetation 
                       

Soil-Plant-Atmosphere 

system fluxes 
     ≈       —    —   ≈  ≈ ≈ 

Plant eco-physiology   ≈   ≈   ≈           ≈  ≈ ≈ 

Vegetation dynamics   ≈    ≈ ≈ ≈     ≈ ≈ ≈ ≈   ≈ ≈  

Trace gas emissions   ≈ — — — — ≈ ≈ — — — — ≈ ≈ — — — — — ≈  

Root dynamics       ≈ ≈ ≈    — ≈ ≈ — —   ≈ ≈ ≈ ≈ 

Roots-Soil interactions         ≈    —   — —   ≈   

Soil-Plant 

biogeochemistry coupling 
   —  ≈  ≈     —          

Disturbances   ≈    ≈ ≈    —  ≈ ≈      ≈  

Forestry 
                       

Harvest    —    ≈ ≈ — — — — ≈ ≈ — — — — — —  

Forestry practises — — — — — —   ≈ — — — —   — — — — — —  

Agriculture 
                       

Crops dynamics    —  ≈  ≈ ≈ — — — — ≈ ≈ — —     — — 

Harvest    —  ≈  ≈ ≈ — — — — ≈ ≈ — —     — — 

Agricultural practises    —  ≈  ≈ ≈ — — — —   — —    ≈ — — 

Irrigation      ≈  ≈ ≈ — — — — ≈ ≈ — —     — — 

Fauna 
                       

Plant-hervibore 

interactions 
— — — — — —    — — — —     — —    

Trophic interactions — — — — — —    — — — —     — — — —  

Non-trophic interactions — — — — — — — — — — — — — — — ≈  — — — — — — 
Nutrients flux across 

trophic levels 
— — — — — —    — — — —     — — —   

Freshwaters 
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Groundwater-surface 

water flow/solutes fluxes 
 ≈    ≈   — — — — —   — —   —  — — 

Atmosphere-surface water 

water/energy fluxes  
≈  ≈ ≈ ≈    — — — — —   — —   —  — — 

River routing  ≈ ≈      — —  —   ≈ —    —  — — 
Channel 

erosion/deposition 
— — —   ≈   — —  —  — — — — ≈ — — — — — 

Solute transport — — —    —  — — — — — — — — —  — — — — — 

Biogeochemistry — —  —  ≈ —  — — — — — — — —    — — — — 

Trophic interactions — — — — —  —  — — — — — — — —    — — — — 

Riparian areas — —       — — — — —   — —   — — — — 

Lakes/wetlands/Reservoirs ≈ ≈ ≈  ≈ ≈   — — — —    —    —  — — 

Trace gas emissions    — — — —  — — — — —   — —   —  — — 
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