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ABSTRACT 25 

There is considerable interest in better understanding how earth processes shape the 26 

generation and distribution of life on earth. This question, at its heart, is one of causation. 27 

In this article I propose that at a regional level, earth processes can be thought of as 28 

behaving somewhat deterministically and may have an organized effect on the 29 

diversification and distribution of species. But the study of how landscape features shape 30 

biology is challenged by pseudocongruent or collinear variables. I demonstrate that 31 

causal structures can be used to depict the cause-effect relationships between earth 32 

processes and biological patterns using recent examples from the literature about 33 

speciation and species richness in montane settings. This application shows that causal 34 

diagrams can be used to better decipher the details of causal relationships by motivating 35 

new hypotheses. And, that the abstraction of this knowledge into structural equation 36 

meta-models can be used to formulate theory about the relationship of earth-life systems 37 

more broadly. Causal structures are a natural point of collaboration between biologists 38 

and earth scientists, and their use can mitigate against the risk of mis-assigning causality 39 

within studies. My goal is that by applying causal theory through application of causal 40 

structures, we can build a systems-level understanding of what landscape features or 41 

earth processes most shape the distribution and diversification of species, what types of 42 

organisms are most affected, and why.  43 

  44 
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Introduction 45 

Imagine a version of Earth in which the movement of tectonic plates builds mountains 46 

and topography, but where there are no geological hotspots forming island archipelagos, 47 

no methane levels fluctuating through time, no growing and shrinking of glaciers. In a 48 

world where there is only growth of topography, what does the diversity and distribution 49 

of life look like? This may be an unfair question as any geologist would point out that it is 50 

not possible to separate geological processes in this way; as soon as topography grows, 51 

rivers flow through and incise that topography to form ridges and valleys. In fact, the 52 

higher the topography the greater the incision—a relationship governed by the stream 53 

power equation (Whipple and Tucker 1999; Royden and Perron 2013). Yet, I would argue 54 

that this is the basis for much of what phylogeography aims to achieve—to understand 55 

how individual geological and climatic (geo-climatic) processes shape the distribution and 56 

the diversification of life on earth. Same is true of studies that use phylogenetic or species 57 

richness (macroecological) data coupled to features on the landscape, such as mountains 58 

or latitudinal gradients (e.g., Hoorn et al. 2010; Rabosky et al. 2018; Antonelli et al. 2018a; 59 

Rahbek et al. 2019a; b). 60 

Within statistical and comparative phylogeography, a major goal is to understand 61 

what geo-climatic factors govern the evolution and distribution of populations, whether 62 

species respond similarly or not, and why (e.g., Dolby et al. 2015; Myers et al. 2016; 63 

Crandall et al. 2019; Dolby et al. 2019; Thomaz & Knowles 2020; Leaché et al. 2020; Wan 64 

et al. 2021). I present here that the process of answering these questions is really one of 65 

establishing causal relationships between the nonliving yet changeable landscape and 66 

species which evolve in response to it. Of course, there are many biological/intrinsic 67 
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factors that also drive species diversification, such as differential adaptation (Chapman 68 

et al. 2013; Favre et al. 2017; Tobler et al. 2018), disruptive sexual selection (Hudson & 69 

Price 2014; Martin & Mendelson 2016; Servedio & Boughman 2017), polyploidization 70 

(Wood et al. 2009), and niche specialization (Ford et al. 2016; Deng et al. 2019; Gharnit 71 

et al. 2020). But in this article, I will focus specifically on the physical landscape and try 72 

to show that causal theory fits naturally into answering phylogeographic and 73 

macroecological questions. To do this I will first present evidence for why earth processes 74 

can be thought to impart an ‘organizing’ and probabilistic effect on species evolution. 75 

Then, I will show that the landscape features earth processes produce, and which are 76 

commonly studied, are aggregations of variables whose effects can be teased apart using 77 

a set of tools called causal structures (sensu Grace et al. 2012). These tools represent 78 

causal hypotheses as networks and can be used to organize and re-structure knowledge 79 

from individual studies to build earth-life theory and guide new hypotheses, as I will 80 

demonstrate with examples from the literature. 81 

 82 

Is speciation deterministic? 83 

Scientists have long debated how predictable life is (e.g., Kolata 1975). In 1989, 84 

Gould introduced a now-famous thought experiment about replaying the tape of life, that 85 

is, if life were restarted from the beginning, would it result in the same outcome we see 86 

today (Gould 1989, pp.48-49)? Gould and others argued that life is unrepeatable because 87 

it is the product of initial starting conditions and random stochastic events (Raup et al. 88 

1973; Schopf et al. 1975; Gould 1994; Blount et al. 2018). For example, if life started over, 89 

there might be different mass extinction events. Or, mutations that were key to 90 
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evolutionary transitions in our history may arise at a different timepoint and so affect a 91 

different set of organisms, or they might not arise at all. Others suggested that life is the 92 

‘inevitable’ product of channelizing forces such as the favorability of certain chemical 93 

reactions, or of developmental constraints engrained early on that make some biological 94 

outcomes likely to be repeated again and again (Flessa and Levington 1975; Morris 2006; 95 

2010). Debated often at a macroevolutionary level, the theme echoes at the molecular 96 

level with studies of parallel evolution (Powell & Mariscal 2015). Work on stickleback show 97 

genetic mutations in the same genes are responsible for the repeated loss of armored 98 

plates as fish colonize low-predator streams (Colosimo 2005; Schluter et al. 2004). The 99 

mc1r gene is shown to underpin divergence in coat or plumage color in many independent 100 

species and ecological settings (Ritland et al. 2001; Mundy 2005; Steiner et al. 2007; 101 

Brockerville et al. 2013). Finally, the specialization of Anolis lizards into ecological micro-102 

niches has been repeated across the Anolis phylogeny (Losos et al. 2003; Velasco et al. 103 

2016; Gunderson et al. 2018). Repeated molecular or phenotypic evolution is not 104 

equivalent to repeating all of life’s diversity over the last billion years. But to this point, the 105 

stochastic versus deterministic debate has largely omitted one observation: species 106 

evolve in response to the physical landscape, and the earth processes that shape that 107 

landscape are themselves largely deterministic (Figure 1). So although the impact of a 108 

meteor may prune the evolutionary tree at random, the everyday processes that shape 109 

the landscape life lives on have behaved in a consistent way for much (if not all) of life’s 110 

history. More explicitly, they may have an order-forming or deterministic effect on life even 111 

if life is not determinable itself (Smith & Morowitz 2016). 112 
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There are many examples of deterministic behavior among earth processes. When 113 

continental plates converge, they form mountainous topography and the height of this 114 

topography can be estimated from the shear-force of the colliding plates (Dielforder et al. 115 

2020). The rate of river incision can be estimated from the amount of discharge and the 116 

height of the river above base level (usually sea level; Whipple and Tucker 1999; Royden 117 

and Perron 2013). The increase in mean global temperature and loss of ice volume on 118 

earth can be predicted from the amount of methane and other greenhouse gasses that 119 

are added to the atmosphere (e.g., TFE.3 in Stocker et al. 2013). These examples show 120 

that the outcomes of geological and climatic events can be estimated to a first order and 121 

behave quasi-deterministically on the biological scales discussed here.  122 

On the biological side, it is well established by theory and empirical studies how 123 

reduction of gene flow or adaptation to different selection regimes can cause lineages to 124 

diverge (Coyne & Orr 2004). Adapting Gould’s experiment, if we imagine that a mountain 125 

range is built 100 times over within the range of a low-dispersing beetle, then with all else 126 

equal we might expect that if that beetle lineage diverges due to isolation in one iteration 127 

then it would diverge in isolation in many other iterations. In contrast, we would expect 128 

that distribution of outcomes to differ if we performed the same 100 experiments using a 129 

high-dispersing bird species. This is because we know these organisms have vastly 130 

different traits. Of course, these two outcomes are probabilistic, not deterministic because 131 

the outcome of any trial is not perfectly predictable. But, if we agree that earth processes 132 

behave deterministically and the divergence response of organisms is likely to vary based 133 

on a set of traits, then it stands to reason we should be able to build a set of ‘speciation 134 

boundary conditions’ that describe what geologic settings promote the origination of 135 
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lineages and amongst which groups. The main challenge becomes measuring individual 136 

cause-effect relationships between earth processes and evolutionary patterns. Although 137 

this is what many phylogeographic studies seek to do, we lack an organizing framework 138 

to systematically compare individual taxonomic and geographic studies to achieve this 139 

greater synthesis. I believe one path forward is through using causal structures, which I 140 

will introduce and apply in the next sections. 141 

 142 

Causality in other fields 143 

Judea Pearl largely formalized the algorithmic and mathematical definition of causality 144 

(Pearl & Verma 1995; Pearl 1995; 1998; Hopkins & Pearl 2007; Pearl 2009), which is key 145 

for modeling systems in a way where new knowledge can be learned beyond what is 146 

already observed. Pearl and Verma wrote, “…an intelligent system attempting to build a 147 

workable model of its environment cannot rely exclusively on preprogrammed causal 148 

knowledge, but must be able to translate direct observations to cause-and-effect 149 

relationships” (Pearl & Verma 1995). Causal theory has since been applied widely across 150 

disciplines, for example within the social sciences especially when variables are 151 

intangible or difficult to measure (e.g., intelligence; see references in Pearl 1995), as well 152 

as to artificial intelligence (Pearl 2019). Grace and colleagues did tremendous work to 153 

adapt causal theory for use in ecological studies (Pugesek & Grace 1998; Grace 2006; 154 

Grace & Bollen 2007; Grace 2010; Grace et al. 2010; Eisenhauer et al. 2015; Grace 2015; 155 

Grace & Irvine 2020). A key development of this work was the translation of causal 156 

principles to be used in observational studies, whereas Pearl’s original theory was 157 

developed specifically for interventionist experiments (i.e., laboratory experiments) where 158 
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variables can be controlled and manipulated to establish and quantify ‘true’ causal 159 

relationships (Pearl & Verma 1995). But through knowledge of a study system and careful 160 

development of causal structures (graphs) at different levels of detail, these ecological 161 

studies have relaxed this interventionist constraint and results from observational studies 162 

are not interpreted strictly as causal inferences, but instead as estimates of causal 163 

relationships. Despite this more limited interpretability, the use of causal structures in 164 

ecological studies have contributed substantive new knowledge about system dynamics 165 

in several ecological settings (e.g., Grace 2010; Eisenhauer et al. 2015; Grace et al. 166 

2016). Within evolutionary biology, use of causal structures have been limited to the 167 

application of structural equation models to quantify genotype-phenotype relationships 168 

(Scheiner et al. 2000; Li et al. 2006; Otsuka 2014). Here we will use the two higher-order 169 

causal structures—structural equation meta-models and casual diagrams (Figure 2; 170 

Grace et al. 2012)—to bridge the earth sciences with evolutionary biology. 171 

 172 

Imagining causality for Earth-life science 173 

As discussed in the beginning of this article, earth’s landscape is dynamic and shaped by 174 

many processes. This presents two challenges when working to link evolutionary patterns 175 

with underlying geological process(es). The first is that earth processes are interrelated 176 

and are therefore often co-occurring (Figure 3A). Looking into the landscape history at 177 

many (perhaps most) locations on earth will reveal that several aspects have changed 178 

over an evolutionary period of interest. The co-occurrence of processes means that using 179 

the age of an evolutionary event (e.g., a lineage divergence or bottleneck) is insufficient 180 

to adjudicate which aspect of the changing landscape caused the pattern in question 181 
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(Dolby et al. 2015; 2019), a phenomenon known as pseudocongruence (Lapointe & 182 

Rissler 2005; Feldman & Spicer 2006; Riddle & Hafner 2006; Soltis et al. 2006). In such 183 

cases, population genomic data has a benefit over phylogenetic data because it provides 184 

information not only in a spatial dimension that matches the spatial nuance of the 185 

landscape, but it can be assayed for signs of local adaptation, particularly when whole 186 

genome data is used. Because some types of landscape change (e.g., differences in 187 

precipitation due to monsoon or precession cycles) are expected to drive adaptive 188 

divergence, and physical barriers may be expected to produce more ‘neutral’ or 189 

nonadaptive divergence, the ability to interrogate both neutral and functional elements of 190 

the genome is potentially powerful. In this approach it is the structuring of types of spatial 191 

information between genetic and landscape features, rather than the coincidence of 192 

similar timings, that causally link the two systems.  193 

  The second (but related) challenge to linking geological processes with 194 

evolutionary patterns is that many of the most noticeable physiographic features of the 195 

landscape are in fact aggregations of collinear variables. Examples of aggregate features 196 

include mountain ranges, latitude, and bathymetry that in the literature are long thought 197 

to control diversification and species richness patterns (Stevens 1989; Colwell & Hurtt 198 

1994; Hodkinson 2005; McClain & Etter 2005; Hoorn et al. 2010; 2013; Rabosky et al. 199 

2018). It is almost certain that these features are causal to the generation and distribution 200 

of biodiversity. But it is the collinearity of direct variables such as temperature, 201 

precipitation, and solar insolation within these aggregate features that makes it difficult to 202 

determine which of the variables exert causal control over a biological pattern (Rahbek et 203 

al. 2019a; Table 1).  204 
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To give an example, if formation of a mountain range leads a lineage to diverge, 205 

is that divergence due to differential adaptation to the gradient in atmospheric oxygen or 206 

UV burden or temperature? Or was it because the lineage was physically isolated by 207 

peaks or valleys? The distinction here matters because if it is due to a temperature 208 

gradient then there are many other instantiations of that gradient on earth, such as across 209 

latitudes or from hydrothermal vents (Figure 4). It may seem trivial but pinpointing the 210 

direct variable in this example would greatly inform not only what we understand the 211 

external agents shaping evolution in the setting to be but also would direct what 212 

hypotheses to test in other settings to determine that variable’s impact more broadly. If 213 

we return to the example of lineage divergence over a mountain, there is yet a trickier 214 

issue to contend with. In this example, if it was instead found that a lineage diverged due 215 

to physical isolation by ridges or valleys, would we say the mountain is causal to that 216 

divergence? Or are the rivers that did the work incising topography to form those ridges 217 

and valleys causal? Or is climate causal because, in a region devoid of rainfall, there 218 

would be no water to flow into streams to incise the topography? Or are they causally 219 

inseparable? There may not be a simple answer, but in the next sections we will see how 220 

causal structures can be used to represent complex networks of interactions to aid our 221 

thinking and discussion of causal relationships.  222 

 223 

The problem of epiphenomena  224 

An epiphenomenon is a byproduct or an associated effect of the phenomenon of interest. 225 

Examples of epiphenomena mentioned above include temperature, precipitation, and 226 

solar insolation, which are direct variables found in different collinear combinations within 227 
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aggregate features (Figure 4; Table 1). The relevance of epiphenomena when working to 228 

establish causal relationships is clear: epiphenomenal variables can be easily confused 229 

with true causal variables and lead to spurious inferences (Gould & Johnston 1972). If A 230 

is causal to B and C co-occurs or co-varies with A, then it may be incorrectly inferred that 231 

C is causal to B. Or, that C is causal to A and B, or both A and C are causal to B (Figure 232 

3B). This is particularly problematic when variable C is easier to observe or measure on 233 

the landscape than variable A in which case A may be overlooked.  234 

In many statistical tests, including those common to phylogeography or 235 

macroecological studies (e.g., testing isolation by distance or spatial associations), often 236 

‘no pattern’ (randomness) is used as a null hypothesis. However, we know that the 237 

distributions of species or relatedness of populations is rarely, if ever, truly random. This 238 

poses a special risk in the context of epiphenomena and pseudocongruence. For 239 

example, if more than one aspect of the landscape has changed in a study region, or 240 

there is collinearity amongst direct variables, then if not all relevant features or variables 241 

are tested then it is possible that whatever pattern detected, being nonrandom, will be 242 

interpreted as support for the experimental hypothesis even if it is not the ‘true’ causal 243 

variable. This concept is well established as many researchers have emphasized the 244 

importance of thoughtful hypothesis testing (Hickerson 2014; Peterman & Pope 2021). 245 

But it becomes even more critical in the context of complex geo-climatic settings and 246 

when working to establish causal relationships between earth processes and evolution. 247 

For instance, vicariant barriers are often more obvious features on the landscape than 248 

ecological or climatic factors. In the western United States and Mexico, it was thought for 249 

decades that river and seaway barriers drove diversification of dozens of desert species, 250 
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but recent work highlighted the importance of less visible climatic phenomena as perhaps 251 

equally or more impactful (Dolby et al. 2015; Valdivia-Carrillo et al. 2017; Ornelas et al. 252 

2018; Dolby et al. 2019). The reason these findings are important is they change the 253 

hypothesized causal structure—they shift our understanding of what processes are 254 

important for shaping diversification or species distributions (Figure 3). One comes to 255 

quickly appreciate how mis-assigning causality in many smaller individual studies can 256 

bias our understanding of the external controls on diversification and species distributions 257 

more broadly. When contending with epiphenomena, considering complexity of the geo-258 

climatic setting is paramount; causal structures can help diagram these complexities. 259 

 260 

An introduction to causal structures  261 

Before defining causal structures in detail, let us briefly summarize how they help to meet 262 

the challenges outlined in the last section. There is an increasing need for new theory to 263 

bridge earth-life sciences (Antonelli et al. 2018b; Rahbek et al. 2019b). A primary strength 264 

of causal structures is they simultaneously facilitate data analysis and theory 265 

development by forcing an explicit consideration of the variables relevant to a system and 266 

their relationships (Pugesek & Grace 1998; Grace et al. 2012). Causal structures are 267 

represented via directed acyclic graphs (Pearl 1995; 1998) and depict cause-effect 268 

relationships at different levels of detail (sensu Grace et al. 2012), which serve different 269 

purposes. Causal structures rely on the visual representation of concepts or variables as 270 

networks (Figure 2B), which allows for a more direct comparison of studies. For instance, 271 

there are countless studies that test whether a river acts as a barrier to gene flow (Peres 272 

et al. 1996; Lugon-Moulin et al. 1999; Weir et al. 2015; Balao et al. 2017; Naka & 273 
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Brumfield 2018; Dolby et al. 2019; Vechio et al. 2020), but these studies are necessarily 274 

carried out in different geographic areas, in different habitats, and on different organisms 275 

and the data then analyzed in different ways. Meta-analyses can be useful but are better 276 

for understanding whether there is statistical support for a generalized trend, and in doing 277 

so, sacrifice the subtleties of individual studies. Causal structures instead embrace the 278 

nuance of individual studies in a way that can be systematically compared. In fact, it 279 

achieves a slightly different goal. A meta-analysis might answer the question, “Do rivers 280 

structure populations?” Whereas, by comparing causal structures one is instead asking, 281 

“under what conditions do rivers structure populations?” Intuitively, the answer will 282 

depend on the characteristics of the organism, the characteristics of the river, and 283 

perhaps on other factors. The subtle re-framing of this question is not trivial—it opens the 284 

door to developing a richer and more mechanistic understanding of the role rivers play in 285 

evolution—which is not “yes” or “no” but rather some mathematical function or set of rules 286 

that describe “yes, under these conditions”. In addition, causal structures help make 287 

variables explicit, and therefore aids a researcher’s task in formalizing and identifying 288 

potentially pseudocongruent variables. Even if such variables are not tested in the study, 289 

their identification can help others interpret the study’s findings or guide the design of new 290 

studies. Presenting hypotheses as causal structures in publications would make it easier 291 

to identify what variables or relationships were tested in a study, which were excluded, 292 

and compare results of one study to another.  293 

Importantly, causal structures also facilitate cross-discipline collaborations. 294 

Formalizing these structures fosters community discussion between the two sciences 295 

because these networks are a natural point of collaboration for geologists and biologists 296 
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to discuss whether their knowledge is adequately represented in the model. The 297 

community is strengthening cross-disciplinary collaboration while engaging in theory 298 

development about earth-life relationships alongside data analysis. 299 

As for definitions, causal structures are a class of tools to depict cause-effect 300 

relationships (defined and described in Grace et al. 2012). They include structural 301 

equation meta models (SEMMs), causal diagrams (CDs), and structural equation models 302 

(SEMs). At the highest level, SEMMs are conceptual networks that describe, at a broad 303 

theoretical level, the relationships within a system. The nodes in these networks can 304 

include measurable and unmeasurable variables, concepts, and/or combinations of 305 

variables and are not tied to any taxonomic-geographic context but instead are 306 

generalizations of many observations. At the intermediate level are CDs, which are more 307 

specified and serve to bridge the higher-level theory to a specific study system of interest. 308 

They play a pivotal role in translating the theory described in a SEMM to the design and 309 

interpretation of a study and vice versa. CDs are the level at which most phylogeographic 310 

studies take place. At the most detailed level are SEMs, which are the most specified 311 

models that convey what variables are measured in a study, their causal relationships, 312 

and the statistics used to quantify the model and its paths. A SEM is a testable causal 313 

hypothesis for a given system whereas a causal diagram can be specified into different 314 

SEMs based on the design of a study. The application of SEMs to earth-life science is a 315 

potentially worthwhile topic that requires its own consideration and will not be discussed 316 

further here. A detailed review of causal structures and their implementation is found in 317 

Grace et al. (2012). 318 
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 A starting point to defining causal structures for a system is to ask, “What variables 319 

are relevant?”. When drawing connections (edges) between variables (nodes) it becomes 320 

evident that some intermediary variables may be missing if a parent variable does not 321 

have direct or complete causal influence on its child. A primary strength of causal analysis 322 

is its representation of system complexity in the form of compound paths (not just A → C, 323 

but A → B → C). This is due to the fact that causal analysis is based on a network graph 324 

(e.g., Figure 2B; Grace & Irvine 2020). Using networks to represent hypotheses captures 325 

both direct and indirect relationships allowing for a more nuanced representation of 326 

reality.  327 

Determining which variables are relevant in a system may be informed by applying 328 

a chain of causal logic in the form of two questions: (1) is there a known or conceivable 329 

mechanism through which A can affect B? and (2) is A decomposable into other 330 

variables? For example, it can be argued that a mountain cannot directly control species 331 

distributions or divergence. It instead ‘acts’ indirectly through its constituent direct 332 

variables, such as atmospheric oxygen concentration, temperature, solar insolation, and 333 

precipitation (Table 1, Figure 4). These direct variables are easily measured, and 334 

importantly, they exert a measurable effect on an organism’s biology through documented 335 

and/or quantifiable mechanisms (Table 2). For example, temperature is known to impact 336 

the energy invested in behavioral or physiological thermoregulation (e.g., finding 337 

shelter/shade, shivering, sweating), enzyme activity (Low et al. 1973; Peterson et al. 338 

2007; Feller 2010), and mutation rate (Garcia et al. 2010; Matsuba et al. 2012; Berger et 339 

al. 2017). These effects differ from those expected in response to an oxygen gradient 340 

which instead include changes in oxygen-hemoglobin binding affinity (Miao et al. 2017) 341 
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and hemoglobin concentration (Simonson et al. 2010). Still different patterns are expected 342 

from differential adaptation to UV burden, such as divergent responses within ultraviolet 343 

radiation receptor pathways (e.g., mediated by UVR8; Tossi et al. 2019) and the induction 344 

of protective phenolpropanoids in plants (Zeng et al. 2020). While observations related to 345 

the richness or relatedness of populations in a geographic/geologic context are important, 346 

more detailed assays into the physiology or the genome (e.g., to assess adaptation) may 347 

be necessary to answer many causal questions or exclude putatively causal variables. 348 

Often not all variables can be evaluated in a study. However, drawing a causal 349 

diagram makes clear what variables are being tested, their presumed mode(s) of 350 

influence (causal pathways), what variables are excluded, and what the presumed 351 

biological effect is. As Dawson (2014) noted, studies can leverage naturally occurring 352 

combinations of variables on the landscape (‘natural experiments’, sensu Dawson 2014) 353 

to isolate individual effects similar to controlled lab experiments (Gould 1972; Morris 1995; 354 

Dawson 2014). Importantly, using causal structures to decompose aggregate features 355 

into direct variables should feed back to reveal something inherent about the features 356 

themselves. If we are interested in how important mountain building versus river formation 357 

is to shaping diversification and distributions, it is reasonable to think that their relative 358 

power can be explained by the direct and indirect causal pathways each has to act on 359 

biology. Do aggregate features that are more influential have more causal pathways 360 

through which to work? If so, this could be a ‘rule’ that describes a fundamental property 361 

of how earth processes shape life.  362 

 363 

Applying causal structures 364 
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In this section we will show how structural equation meta-models (SEMMs) and causal 365 

diagrams (CDs) can be applied to earth-life systems and what we can learn from their 366 

application. Over the past decade, mountain ranges have garnered tremendous attention 367 

as putative generators of biodiversity (Hoorn et al. 2010; 2013; Antonelli et al. 2018a; 368 

Rahbek et al. 2019a; b). This comes from observations that many mountain ranges have 369 

high numbers of species, which suggests they either accumulate biodiversity or promote 370 

the origination of lineages in situ. This has led researchers to ask, “What is it about 371 

mountains that leads to high diversity?” According to our criteria, a mountain is an 372 

aggregate feature—it is decomposable into a suite of direct causal variables. Using our 373 

framework here we might more directly ask, “What are the direct causal controls on 374 

biodiversity within aggregate mountain systems?” Work by Antonelli et al. (2018a) 375 

proposed the main controls on species richness in montane settings to be soil 376 

heterogeneity, temperature, and precipitation, which I adapted into a causal diagram 377 

(Figure 5A). Focusing on soil diversity, the authors proposed that soil diversity was due 378 

to lithological diversity. Others proposed that the entrainment, uplift, and exposure of 379 

partially melted oceanic crust at subduction zones provides key nutrients or leads to the 380 

development of specific soil types that require specialized adaptation for organisms to 381 

inhabit (e.g., serpentine soils; Rahbek et al. 2019a). We can make a more detailed causal 382 

diagram for the controls on soil heterogeneity based on this hypothesis. We know that 383 

soil formation would depend on the rate of erosion and exposure of the lithosphere, which 384 

involve several variables (Figure 5B) and the relationships amongst these are described 385 

in Table 3. Drawing these diagrams teaches us two main lessons.  386 
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The first lesson is that the system dynamics detailed in Figure 5B lead to several 387 

predictions. Prediction one is that there should be a correlation between soil diversity and 388 

species richness; indeed, Antonelli et al (2018a) showed this relationship, but it could be 389 

tested further, for example over different spatial scales. The second prediction is that 390 

mountains formed by subduction of oceanic crust should have higher richness than 391 

mountains at continent-continent collisions which have more silica-based lithology with 392 

lower concentrations of iron or magnesium-bearing minerals. For example, all else being 393 

equal, the Himalaya should have lower richness than the Andes mountains; this is also 394 

consistent with their findings (Antonelli et al. 2018a; Rahbek et al. 2019a). The third 395 

hypothesis is that the variability of mineral composition of oceanic crust (e.g., Arevalo & 396 

McDonough 2010) may manifest an effect on species richness; perhaps soils could be 397 

compared from hotspot-driven ocean islands versus subduction-driven mountains to test 398 

this prediction. Lastly, but most importantly, erosion and exhumation rates along or 399 

between mountains should play a key role because lithosphere is the first rate-limiting 400 

step of providing fresh material from which soil can form. The diagram helps us 401 

hypothesize that mountains with higher erosion rates due to faster uplift rates or greater 402 

precipitation might lead to faster soil generation and higher richness. Indeed, Antonelli et 403 

al. (2018a) found an effect of erosion rate on richness, but more detailed study could 404 

better constrain this relationship in different regions, perhaps to decouple a signal of 405 

climate from a signal of uplift. The relationship could also be tested at different spatial 406 

scales. From this logic, it also follows that because erosion rate is coupled to uplift rate, 407 

when uplift slows, the tectonic-controlled rate of soil formation may decrease and 408 

therefore richness may also decrease. If this were true, we would expect a normal 409 
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distribution of richness over time that mirrors the life of the mountain itself (Figure 5C). 410 

Alternatively, there could be a latency period in which growth of topography leads to 411 

abiotic-driven soil formation, but after some time the biological community contributes to 412 

or becomes the main generator of soil. If so, the biotic system would have entered a self-413 

perpetuating state where nutrients are recycled by the biotic community and are no longer 414 

controlled by the exhumation or erosion of the lithosphere (Figure 5D). This second 415 

scenario would mean: 1) the causal control on diversity shifts from abiotic to biotic at 416 

some critical threshold; and 2) mountains ‘launch’ biological diversity but diversity 417 

maintains the diversity. These speculations would require explicit testing but offer 418 

predictions against which new observations can be compared (Figure 5C vs 5D). In 419 

summary, lesson one is that casual structures can illuminate relationships and guide 420 

hypotheses in earth-life systems. Some hypotheses may be testable in mountain 421 

systems, but some may be better tested in other settings or under controlled conditions, 422 

such as at field sites.  423 

The second lesson of translating these results into causal diagrams transfers 424 

knowledge in the opposite direction. Instead of motivating new hypotheses, we can 425 

translate the causal diagram in Figure 5A into a structural equation meta-model (SEMM) 426 

by leveraging knowledge from other studies. Most simply, the interpretation from Antonelli 427 

et al. (2018a) boils down to the availability of nutrients and their spatial heterogeneity 428 

(patchiness). This result can be abstracted into a SEMM that includes additional 429 

observations from the literature. It is well documented that oceanic bottom waters become 430 

enriched in nutrients over time due to the deposition and decay of organic matter 431 

(Christian et al. 1997). Upwelling of these nutrient-rich bottom waters in coastal areas 432 
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causes high biomass and diversity (Pauly & Christensen 1995), such as in kelp forests 433 

off the western coast of the Americas (Winkler et al. 2017). Likewise, waters of the open 434 

ocean are often nutrient-depleted and the blowing of aeolian dust from land and 435 

deposition of dust from icebergs into oligotrophic waters can bring trace elements, 436 

particularly iron, that fuels increase of biomass and productivity (if not diversity per se, 437 

Moore et al. 1984; Aumont et al. 2008; Raiswell et al. 2008; Maher et al. 2010). In 438 

essence, these are different instantiations of how abiotic processes control nutrient 439 

diversity/abundance, which in turn control species richness or biomass (Figure 5E). There 440 

are probably many more such examples. The abstraction of this knowledge into a SEMM 441 

shows that the soil diversity hypothesis posed for mountain regions fits within existing 442 

knowledge from marine ecosystems. They are conceptually linked, even though they are 443 

usually separated in practice. A second interpretation from Rahbek et al (2019a; b) posed 444 

that lithologic heterogeneity could lead to local soil characteristics that require special 445 

biological adaptations to inhabit (e.g., serpentine soils). This could lead to speciation by 446 

differential adaptation, thereby increasing richness. Another SEMM (Figure 5F) 447 

contextualizes this idea to formalize patchiness of abiotic conditions as another 448 

phenomenon that links terrestrial and marine systems. In marginal marine environments, 449 

work has shown that the steepness of continental shelves can restrict and isolate habitat 450 

types, leading to isolation of habitat patches, population divergence, and potentially high 451 

richness (Dolby et al. 2018; 2020). Indeed, this phenomenon can also control 452 

demographic changes in these populations (Stiller et al. 2020). By drawing this SEMM 453 

we again see that patchiness of minerals (due to lithologic heterogeneity) or patchiness 454 

of land steepness are conceptually related. The main difference is that pathway 1 only 455 
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implies physical isolation, although differential adaptation is possible, whereas the 456 

assumption of pathway 2 requires differential adaptation and would best be tested with 457 

genomic or common garden methods (Figure 5F). 458 

In this section I showed how we can translate the results of studies into causal 459 

diagrams, new predictions, and an expanded conceptualization of results that follow. Less 460 

obvious but equally important, these diagrams show what variables were not considered 461 

in these studies (and therefore my models), such as solar insolation, that could easily be 462 

tested in the future. As discussed, a mountain is many things. If abiotic factors can be 463 

accounted for causally, then it would reveal to what degree diversity and diversification 464 

patterns are only explainable through the processes of biology itself. One could imagine 465 

extending the causal structures drawn here to include biological feedbacks and 466 

complexities, leading to a network that integrates the abiotic and biotic systems to 467 

describe the mountain-life system. It could even be temporally explicit! If there are 468 

thresholds where abiotic processes foster diversification and richness that becomes self-469 

perpetuating, then the original abiotic control structure would splinter at some tipping 470 

point, shift causal control to the biology. In essence, biology would come under the control 471 

of its own causal schema. Since we know that at some point life originated from nonlife, 472 

perhaps such causal transitions are not so strange. Employing these structures and an 473 

understanding of causal systems may be a way to formally bridge different branches of 474 

ecology and evolution. More work is needed.  475 

 476 

CONCLUSIONS 477 
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Top-down causation is proposed to have widely shaped the history of life on earth (Davies 478 

2011; Walker & Davies 2012). Questions concerning how earth processes shape the 479 

diversification and distribution of life are fundamentally questions about how to describe 480 

causal relationships within the earth-life system. Here, I proposed that at the species 481 

scale, earth processes can be considered to have a quasi-deterministic effect on biology. 482 

These earth processes are often co-occurring and potentially pseudocongruent and the 483 

landscape features they form are combinations of direct, quantifiable variables. These 484 

two factors motivate the need for developing more refined ways for articulating and testing 485 

causal hypotheses that facilitate interdisciplinary research. I demonstrate how to do this 486 

using causal structures, specifically structural equation meta-models and causal 487 

diagrams. Their application here suggests new tests to characterize the relationship 488 

between lithologic diversity and species richness, as well as recontextualizing knowledge 489 

into theory about how earth processes redistribute nutrients that control biomass, and 490 

cause population isolation through patchiness that can lead to speciation. Interrogating 491 

these causal relationships led to speculation that some earth-life systems may encounter 492 

a redistribution of causal control from abiotic to biotic, suggesting temporal dynamics may 493 

be relevant. Finally, these tools are broadly applicable and will help develop more 494 

mechanistic knowledge while helping to bridge geology, evolution, and ecology. I hope 495 

they will help us better answer higher-order questions about what earth processes most 496 

generate new species, how and under what limits they operate over spatial, temporal, 497 

and taxonomic dimensions.  498 

 499 

 500 
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TABLES AND FIGURES 799 
 800 

Table 1 Linking aggregate features (left) with suggested indirect causal 801 
mechanisms (right). These manifest (observable) variables are often easier to measure 802 
on the landscape and therefore their causal relations can be tested in different taxonomic 803 
and geographic settings.  804 
 805 

Aggregate 
features/phenomena Constituent (direct) variables 

Latitude Temperature 

Insolation 

Seasonality Daylight  
Temperature  

Mountain 

Precipitation 
Soil type 
Temperature 
pO2 
Insolation 
Physical isolation (ruggedness) 

Hydrothermal vent 
Nutrient availability 
Temperature 
pH 

Ocean bottom water Nutrient availability 
Temperature 

806 
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Table 2 Constituent (direct) variables are shown with the proposed intrinsic 807 
organismal effects they are thought to influence (right). This is not an exhaustive list and 808 
effects will vary by taxon. 809 

Constituent, direct 
variables Intrinsic effect 

Temperature 
Growth rate 
Thermoregulation  
Enzyme efficiency 

Insolation 
Photosynthesis 
Mutation rate 
Growth rate 

Precipitation Osmoregulation 
Thermoregulation 

pO2 Respiration  

Daylight  Growth rate 
Reproductive timing 

 810 

Table 3 Explanation of relationships used to justify pathways drawn in Figure 5. 811 
Note, an alternative to path 11 can be proposed that instead connects ruggedness to 812 
species richness. Path 11 was proposed by Antonelli et al (2018a) but routing the 813 
pathway instead through ruggedness suggests that erosion does not directly affect 814 
species richness but does so indirectly.   815 
 816 
Path Explanation of relationship 
1 Uplift increases surface relief 
2 Uplift of the surface is not uniform, leading to uneven (rugged) topography 
3 Thickened lithosphere (relief) houses mineral/nutrient ‘reservoir’ 
4 Surface relief leads to adiabatic cooling, causing precipitation 
5 Precipitation causes erosion through abrasion, attrition, shear stress, etc. 
6 Erosion breaks down and removes rock mass, decreasing relief 
7 Erosion (e.g., rivers) incise topography increasing ruggedness 
8 Erosion removes and cuts into lithosphere, revealing new surface area 
9 Soil diversity controls nutrients available for biology 
10 Precipitation controls water availability for biology 
11 Erosion can form peaks and valleys that can isolate populations, leading to 

divergence, which increases species richness 
 817 
  818 
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 819 

 820 

Figure 1  Diagram showing examples of mostly stochastic and mostly deterministic 821 
earth processes or events that can impact biology. Determinism here is used to refer to 822 
processes the outcomes of which can be moderately well predicted from initial starting 823 
conditions and knowledge of the system. Stochastic events are those which are poorly 824 
predicted in time and space and which have a random distribution of effects on biology. 825 
  826 
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 827 

Figure 2 Summary of causal structures. (A) Causal structures defined in Grace et 828 
al. (2012) from most general (top) to most specific (bottom). Structural equation meta-829 
models (SEMMs) are conceptual networks that describe the higher-level, generalizable 830 
theory of a system. Causal diagrams (CDs) are more specified and serve to bridge higher-831 
level theory to a study of interest; CDs play a pivotal role in translating theory to the design 832 
and interpretation of a study and vice versa. The most detailed level are structural 833 
equation models (SEMs) that convey the variables measured in a study, their causal 834 
relationships, and the statistics used to quantify its paths. (B) An example of how a 835 
multiple regression (A, B, C onto X) could be translated into a causal diagram that would 836 
support compound pathways (A à B à X) to allow for more nuanced depiction of a 837 
system. In this example, by not allowing compound pathways the multiple regression 838 
might overemphasize the importance of variable B on X relative to the causal diagram, or 839 
the role of B may be oversimplified. 840 
  841 
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 842 
Figure 3 An example of how co-occurring geo-climatic processes can interfere with 843 
the ability to accurately identify which changes in the landscape initiated a biological 844 
pattern of interest, in this case speciation of lineages in the southwestern USA. (A) 845 
Depiction of the geo-climatic events thought to have occurred over the time period when 846 
most lineages diverged (circle vs. star; Dolby et al. 2019). Stippling represents boundary 847 
uncertainty, and a question mark denotes a boundary of unknown age. Panels i–iv show 848 
cartoon representations of the geographical effect of each process. (B) A toy phylogenetic 849 
tree to show the pattern of lineage divergence for desert tortoises (Edwards et al. 2016); 850 
note that a 5-Myr divergence time roughly correlates with three of the four major 851 
processes (monsoon, river formation, and flooding of the gulf of California in panel A). (C) 852 
Causal diagrams showing how a true causal relationship can be mis-inferred due to 853 
collinear variables if not all variables relevant to the system are considered. Arrows depict 854 
causal relationships. The dotted circle represents an unsampled variable.   855 
  856 
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 886 
Figure 4 Cartoon examples of 887 
aggregate features on earth. The direct 888 
variables associated with each feature are 889 
listed below and the arrows represent 890 
general axes across which the variables 891 
are expected to vary. Physical isolation 892 
(italicized) is expected to operate on a 893 
different axis than others (dotted line). 894 
Direct variables that exist in more than 895 
one feature have an asterisk. Using 896 
‘natural experiments’ (sensu Dawson 897 
2014) allows researchers to study the 898 
effect of different instantiations of direct 899 
variables.  900 
 901 
 902 



 - 37 - 

 903 
Figure 5 Examples of how causal structures can be used to convey knowledge or 904 
hypotheses about a system. (A) A causal diagram (CD) of the interpretations from 905 
Antonelli et al (2018a) regarding controls on species richness patterns in montane 906 
settings. (B) A detailed CD using geological knowledge to showcase how different 907 
processes would impact a hypothesized control (soil diversity) on species richness. 908 
Relationships are detailed in Table 3. Other relationships are possible with proper 909 
justification. Discussion of these variables and their paths are a natural point of discussion 910 
and collaboration across disciplines and study systems. (C) The expectation if species 911 
richness (green) depends on soil diversity and soil diversity is entirely abiotically 912 
generated. It would follow the birth, life, and death of montane topography. (D) Proposed 913 
expectation of species richness if a critical threshold is reached at which point soil 914 
formation switches from abiotic control (AC) to biotic control (BC) and is therefore retained 915 
following erosion of the topography. (E) A structural equation meta-model (SEMM) of how 916 
the lithological diversity (which generates soil diversity) hypothesized by Antonelli et al. 917 
(2018a) is comparable to other abiotic processes that control the nutrient fluxes. (F) A 918 
SEMM of how habitat heterogeneity (Rahbek et al. 2019a), fueled by soil/lithosphere 919 
patchiness, could lead to genetic divergence through differential adaptation. This 920 
mechanism is comparable to population isolation due to the patchiness of marginal 921 
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marine habitat caused by heterogeneous morphology of continental shelves (Dolby et al. 922 
2020), which is expected to produce more nonadaptive divergence. Blue denotes marine 923 
processes and pink denotes terrestrial processes. Graph conventions follow Grace et al. 924 
(2012). 925 
 926 


