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 Microbes as a test of biogeographic 

principles   

    David G.   Jenkins        ,     Kim A.   Medley         and 

    Rima B.   Franklin        

   15.1     Introduction 

 In the hierarchy of scienti� c knowledge, a principle, rule or law describes con-
sistent observations and precedes hypothesis and theory. Given consistent obser-
vations, other information or insight may suggest mechanisms, and a hypothesis 
can be formed. For example, the � rst principle of biogeography, Bu� on’s law, states 
that disjunct regions have distinct species assemblages despite similar environ-
ments. Bu� on proposed a mechanism to explain biogeographic patterns: that 
species ‘improve’ or ‘degenerate’ according to their environment. Given general-
ity and often incorporating multiple facets, a theory may emerge that explains the 
patterns well (e.g. evolutionary theory). 

 As in ecology, biogeographic principles may include speculations that ‘have 
often been elevated to laws merely by the passing of time’ (Loehle,  1987 ). Tests of 
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biogeographic laws/principles/rules are thus valuable for biogeography in general 
and for understanding the tested system. 

 In that context, the statement for microbes that ‘Everything is everywhere, 
but the environment selects’ (Finlay,  2002 ; de Wit and Bouvier,  2006 ; hereafter 
abbreviated as EiE  ) is valuable to test the generality of biogeography’s princi-
ples and their hypothesised mechanisms. Generality is tested best by extremes, 
and microbes (de� ned here as  <  ~1–2 mm; Finlay,  2002 ) certainly represent the 
lower margin of body size for most biogeographic evidence because most bio-
geography research has been conducted with macrobes (de� ned here as larger 
than 1–2 mm; Finlay,  2002 ). According the EiE, microbes have no biogeographic 
pattern due to their enormous population sizes and high probability of ubiqui-
tous dispersal (Finlay,  2002 ). If so, then biogeographic principles derived from 
macrobes are not general, and subsequent hypotheses and theory must be also 
be constrained. In addition, the EiE claim tests biogeographic principles because 
EiE argues that macrobes have biogeographies (Finlay,  2002 ). � e EiE claim is 
thus double-edged because it also expects de� nitive patterns (laws, principles or 
rules) for macrobes. 

 In this chapter we evaluate the evidence for biogeographic principles of mac-
robes and the extension of those principles to microbes. We do not claim to have 
found all literature on this rather broad topic, though we conducted a thorough 
literature search. Speci� cally, we evaluate the evidence that:

   (1)     Abundance, body size and distribution are inter-related for both macrobes 
and microbes.  

  (2)     Niche   a� ects spatial distribution for both macrobes and microbes;  

  (3)     Microbes and small macrobes have phylogeographies (i.e. geographic pattern 
in phylogenetic structure  ).    

 Topics 1 and 2 address mechanisms (e.g. high abundance causes a large 
range), while topic 3 is about biogeographic patterns that may result from mul-
tiple mechanisms. � ese topics are important to biogeography (Lomolino et al., 
 2006 ) and have not been explored for microbial biogeography, while other 
related topics have been explored. For example, Green and Bohannan ( 2006 ) 
focused on questions of spatial scale (greater community dissimilarity with 
greater distance, taxa–area relationships, and the ratio of local:global taxa 
richness). Martiny et al. ( 2006 ) considered non-random spatial distributions of 
microbes and general approaches to examine contemporary and/or historical   
processes acting on microbial community structure. Others have considered 
speciation   and extinction   rates (e.g. Horner-Devine and Lage,  2004 ; Ramette 
and Tiedje,  2007 ) but concluded that too few data exist, especially for extinction   
rates.  
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  15.2     Abundance, body size and distribution 

 Abundance is important to ecological, biogeographic and macroecological   con-
cepts. Here we focus on three abundance relationships: abundant–centre, abun-
dance–range and size–abundance. 

  15.2.1     Abundant–centre 

 According to the abundant-centre principle, a species reaches its greatest local 
abundance near its range centre, related to increasingly detrimental conditions 
toward its range edge   (Andrewartha and Birch,  1954 ; Whittaker,  1956 ; Westman, 
 1980 ; Hengeveld and Haeck,  1982 ; Brown,  1984 ; Brown et al.,  1995 ; � omas and 
Kunin,  1999 ; Gaston,  2003 ). � is relationship has been in� uential in ecology and 
biogeography (Sagarin et al.,  2006 ) and assumes that a species’ range is deter-
mined by environmental conditions, that the species’ range has an edge, and that 
the range is roughly equilibrial. � ese assumptions are most likely true for native 
species inhabiting a relatively stable landscape, but may not be expected for native 
species during climate change  , for an invasive species still expanding its non-
 native range, or in the case of invasional ratcheting, in which an invasive species 
adapts to a new range and then is re-introduced to its native region and expands 
that native range (Medley,  2009 ). 

 Evidence for the abundant–centre relationship was reviewed by Sagarin and 
Gaines ( 2002 ). � ey found only 39% of studies support the relationship and con-
cluded that ‘more exploration of species’ abundance distributions is necessary’, 
including more sampling near range edges  . � e abundant–centre principle is bet-
ter characterised as an assumption than as a principle for macrobes (Sagarin and 
Gaines,  2002 ; Sagarin et al.,  2006 ). 

 � e EiE   claim for cosmopolitan distributions and ‘astronomical’ abundances 
of microbes (Finlay,  2002 ) translates to an expectation that microbes do not 
decline in abundance from range centre to range edge   (no range edge   exists for 
cosmopolitan species). Most biogeographic information has been collected for 
macrobes, so it should be no surprise that less is known about the distribution of 
abundance across microbial species ranges. � e best example we could � nd for 
microbes was that of Krasnov et al. ( 2008 ), in which � eas and mites on Palearctic 
small mammals tended to correspond to the expected abundant–centre pat-
tern for macrobes. However, parasitic organisms have been excluded from the 
EiE claim (Finlay,  2002 ; Finlay and Fenchel,  2004 ) because patterns should mir-
ror host patterns, plus Krasnov et al. ( 2008 ) demonstrated that the patterns are 
likely a� ected by other factors. We conclude that the abundant–centre ‘principle’ 
can hardly be considered de� nitive for macrobes, and is far less understood for 
microbes.    
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  15.2.2     Abundance–range and size–abundance 

 � e abundance–range principle holds that species with greater local abun-
dance have greater distributional ranges, and has been considered a generality 
among diverse macrobes (e.g. Andrewartha and Birch,  1954 ; Gaston et al.,  1997 ; 
Blackburn et al.,  1997 ; Hubbell,  2001 ; Harte et al.,  2001 ). � e EiE   claim is a corol-
lary of this principle because microbial species can attain ‘astronomical’ local 
abundance and thus are argued to have very large (i.e. cosmopolitan) distribu-
tions (Finlay,  2002 ). As described above for the abundant–centre principle, the 
EiE claim essentially states that the abundance-range principle is saturated for 
microbes. Likewise, a negative relationship between body size and local abun-
dance is regarded as well-supported for macrobes (Damuth,  1987 ; Brown et al., 
 1995 ) and is consistent with EiE (Finlay,  2002 ). � is principle has the advantage 
that is intuitive, in that many microbes can be visualised as � tting into the space 
occupied by one macrobe. 

 Given that abundance appears to be positively related to range area and 
that body size is logically and negatively related to abundance, then body size 
should be negatively related to range area (smaller organisms should have 
larger ranges;  Fig 15.1 ). In addition, this relationship should apply to mac-
robes and microbes. However, this does not seem to be the case. Most (80%) of 
macrobial studies reviewed by Gaston ( 1996 ) observed a positive relationship 
between body size and range, rather than a negative relationship as predicted 
by the combination of the abundance–range and size–abundance principles. 
We know of no comparable data to evaluate the size–range relationship among 
microbes, but a random pattern may be expected (Martiny et al.,  2006 ; Jenkins 
et al.,  2007 ).    

 What may reconcile the contrast between individual well-founded princi-
ples and observations of their combination? A negative size–range relation-
ship requires only simple diffusive (random) dispersal because no factors are 
needed to explain the pattern other than a density-dependent probability of 
dispersal from a local population into the surrounding landscape. This rela-
tionship should be most appropriate for passive dispersers, including free-
living microbes that are the focus of the EiE   claim (Finlay,  2002 ). On the other 
hand, actively dispersing organisms (typically macrobes) have a positive 
size–range relationship (Gaston,  1996 ). As evidence to support this difference 
between passive and active dispersers, maximal observed dispersal distance is 
a random function of body size for passive dispersers, while dispersal distance 
increases with body size for active dispersers (Jenkins et al.,  2007 ). Maximal 
observed dispersal distance is relevant to range area but should be more prox-
imal to dispersal-based differences among organisms because many other 
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 factors (e.g. landscape heterogeneity, climate, biological interactions) also may 
affect range area. 

 Our brief evaluation of abundance, body size and distribution for microbes 
and macrobes suggests that dispersal mode (passive vs. active) actually causes 
observed patterns, rather than simple body size per EiE.   Overall, the macrobial 
and microbial evidence for abundance, body size and distribution do not support 
the EiE claim because the principles for macrobes are not de� nitive and because 
the evidence for microbes is grossly inadequate at this time.         

 Fig 15.1      Interrelationships between abundance, body size and range. Microbial 
organisms are indicated with the open circle on each plot. (A) Logic and evidence 
support the negative relationship between body size and local abundance (Damuth, 
 1987 ; Brown et al.,  1995 ). (B) � e positive relationship between local abundance and 
range size is also well documented for macrobes (Gaston et al.,  1997 ). (C) Given A and B, 
then smaller organisms that have larger local abundance should also have larger range 
sizes, whereas larger organisms with less abundance should have smaller range sizes 
(dashed line). In fact, the opposite (solid line) is well documented for macrobes (Gaston, 
 1996 ).  
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  15.3     Niche and distribution 

 � e ecological niche   has been conceptually related to organismal distribu-
tions for nearly a century (Grinnell,  1917 ) and niche-  based distribution mod-
els continue to be important for predicting biogeographic distributions (Wiley 
et al.,  2003 ; Reed et al.,  2008 ; Kearney and Porter,  2009 ; Medley,  2009 ). Much 
has been written about the niche   concept (see reviews by Pulliam,  2002 ; Chase 
and Leibold,  2003 ;  Soberón and Nakamura, 2009 ; Colwell and Rangel,  2009 ). 
� e niche   is classically related to distribution in terms of the fundamental 
niche, de� ned as the multidimensional space within which a species can attain 
positive population growth. When the fundamental niche   is projected onto 
geographic space, species occupy that subset of the fundamental niche   that 
is actually available at a given space and time (potential niche, Jackson and 
Overpeck,  2000 ;  Soberón and Nakamura, 2009 ). Finally, additional constraints 
by biotic interactions yield the realised niche   (Hutchinson,  1957 ; Pulliam,  2002 ; 
Colwell and Rangel,  2009 ; Soberón and Nakamura, 2009). � ese niche   concepts 
do not incorporate other processes (e.g. source–sink dynamics, dispersal limi-
tation  ) that appear to also a� ect distributions ( Fig 15.2 ; after Pulliam,  2002 ). 
� e EiE   claim (‘… but the environment selects’;  Fig 15.2A ) is consistent with the 
Grinnelian niche concept  , or the Hutchinsonian niche concept   if biotic interac-
tions further limit distributions ( Fig 15.2B ). However, alternative mechanisms 
of source–sink dynamics   ( Fig 15.2C ) or dispersal limitation   ( Fig 15.2D ) are 
inconsistent with EiE because microbial species are presumed to be uniformly 
abundant and cosmopolitan (Finlay,  2002 ).    

 What evidence exists that the niche a� ects microbial distributions? We 
surveyed the literature for studies examining either niche or distribution for 
organisms with propagules    <  1–2 mm. While many studies report ecological 
di� erences between species, we focused our search on those studies of quan-
titative niche characteristics that cause spatial segregation between species or 
result in apparent distributional boundaries at some scale. All studies we found 
consistently reported niche di� erences or local adaptation   at intra- or inter-
speci� c levels, consistent with the fundamental niche   in all cases and poten-
tially related to the realised niche   in a few cases ( Table 15.1 ). Given that niche 
constraints on local persistence/occurrence have been observed for microbes, 
it is reasonable to expect that niche a� ects distribution of multiple microbial 
species, consistent with the ‘environment selects’ portion of the EiE   claim (and 
with much of evolutionary ecology). Tests for source–sink dynamics   or dis-
persal limitation   as alternative explanations of microbial niche  -distribution 
relationships will require that the fundamental niche for a species is already 
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well characterised and that multiple sites within and beyond that niche space 
are thoroughly sampled for microbes and environmental conditions ( Fig 15.2 ). 
Such data do not yet exist, but may soon be approached for marine microbes 
in the form of the International Census of Marine Microbes (ICoMM; http://
icomm.mbl.edu/microbis/).       
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 Fig 15.2      Niche-distribution relationships, based on Pulliam ( 2002 ). Zeros represent 
absence, and ones represent presence in niche space (e.g. two ordination axes). (A) � e 
fundamental (Grinnellian) niche (or potential niche, Jackson and Overpeck,  2000 ; 
Soberón and Nakamura,  2009 ) is related to abiotic interactions. (B) � e realised niche 
( sensu  Hutchinson) is due to the combined in� uence of abiotic and biotic interactions, 
where the dashed line represents niche space of a second species. (C) Source–sink 
dynamics represent one alternative to (A) and (B), where sink populations outside the 
fundamental (or realised) niche exist due to immigration from source populations. 
(D) Dispersal limitation is a second alternative, where some combinations of 
environmental components have not been colonised, even within the fundamental 
niche space.  
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  15.4     Microbial phylogeographies 

   Phylogeography is pattern analysis that indicates evolutionary processes in 
space and time, and thus enables phylogenetic and geographic history to be 
evaluated as a potential mechanism of microbial biogeography. In contrast to 
the large body of knowledge on macrobe biogeography (e.g. Lomolino et al., 
 2006 ), EiE   argues that the high dispersal rates and frequent dispersal events of 
microbes swamp any spatial structure that may otherwise arise through vicari-
ance, historical dispersal   and local adaptation  . Given the repeated reshu�  e of 
microbial populations predicted by EiE, phylogeographic patterns concordant 
with geological processes of plate tectonics,   glaciations  , geographic barriers  , 
etc. should not apply because phylogeography should be swamped by contem-
porary dispersal. 

 According to the EiE   claim, microbes do not have biogeographies while mac-
robes do. Finlay ( 2002 ) presented the 1 mm cuto�  between microbes and macrobes 
as two mirror-image, logistic curves ( Fig 15.3A ); the proportion of species that 
are ubiquitous purportedly decreases abruptly at ~1 mm (dashed line,  Fig 15.3A ), 
while the proportion of species that have biogeographies increases abruptly at 
~1 mm (solid line,  Fig 15.3B ). Because these two curves are mirror images, we can 
focus here on the curve for species with biogeographies, with the understanding 
that evidence for one curve necessarily provides evidence for the other. In add-
ition, Finlay ( 2002 ) stated that ubiquity–biogeography transition should be in the 
1–10 mm size range.    

 We tested Finlay’s clear and specific prediction ( Fig 15.3A ) for the presence 
of a logistic function in the proportion of species with biogeographies and a 
transition in the 1–10 mm size range. Phylogeography studies focus on closely 
related lineages and provide specific tests of the EiE   claim that microbes 
do not have biogeographies. We collected 51 phylogeographic studies pub-
lished in the peer-reviewed literature (1998–2009) of organisms for which 
the dispersive life stage is  <  10 mm. All studies applied molecular phylogeo-
graphic approaches at regional to global spatial scales and included Archaea  , 
Bacteria  , Protista,   fungi  , bryophytes  , Rotifera  , Annelida  , Mollusca,   Copepoda   
and Cladocera  . 

 We evaluated the evidence by recording whether or not the authors concluded 
that the subject species had phylogeographies (1 = yes, 0 = no). We then computed 
a logistic regression of those binary conclusions as a function of body size to esti-
mate the probability of a biogeography for a given body size. If Finlay’s predic-
tion is correct, a signi� cant logistic function with a transition ~1–10 mm should be 
observed. � e alternative null model (i.e. biogeography is not a function of body 
size) is a linear � t that has no signi� cant slope but a signi� cant intercept. 
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 Forty-four of the 51 papers concluded that studied organisms had biogeogra-
phies, while only seven of 51 found no evidence for biogeographic structure ( Fig 
15.3B ). A logistic regression did not signi� cantly � t the data (p = 0.785), nor did a 
linear regression have a signi� cant slope (p = 0.790), though the linear regression 
did have a signi� cant intercept (β  0  = 0.87, p < 0.0001). � us, evidence we found 
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 Fig 15.3      Size-based expectations and empirical results from the ‘Everything is everywhere’ 
claim (EiE; Finlay,  2002 ). (A) Microbes and macrobes present mirror-image trends in the 
predicted proportion of species that have biogeographies (from Finlay,  2002 ). We tested 
evidence for the macrobe curve (solid line) in empirical phylogeographies. (B) Empirical 
patterns, where circles represent conclusions by phylogeography study authors for the 
study organism’s propagule size (0: no biogeography observed; 1: biogeography observed; 
N = 51).  
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indicates that microbes (< ~1 mm) are just as likely to exhibit biogeographies as 
macrobes, and that there is no support for the logistic, mirror-imaged distinction 
between ubiquitous microbes vs. macrobes with biogeographies. 

 Phylogeographies may arise by multiple mechanisms, but the fact that they 
are repeatedly observed for microbes is strong evidence that the same biogeo-
graphic mechanisms (e.g. vicariance, dispersal, speciation  , adaptation  , extinc-
tion  ) that a� ect macrobes also a� ect microbes. A more interesting challenge is 
to learn why some microbial species are widespread while others are not. To 
begin to address this challenge we will need to move beyond simple size-based 
distinctions and take account of life-history traits more likely to be related to 
dispersal (e.g. active or passive mode, dormancy  , adaptations for phoretic   trans-
port)  and  success upon arrival (abiotic tolerance   limits, nutrient requirements, 
trophic interactions, etc.). 

 In summary, we conclude that:

   Too few data exist to evaluate relationships between abundance  , body size and  ■

distribution for microbes, and remain unclear (in part) for macrobes. � us, 
the EiE   claim is not supported for these basic components of biogeography. 
However, the EiE claim has been useful for biogeographic principles because 
it led to consideration of relationships for macrobes and microbes and revealed 
potential new research directions.  

    Evidence exists for fundamental niche   constraints in microbes, plus some  ■

evidence for realised niche   constraints. Niche-distribution relationships 
that are consistent with the EiE   claim await more extensive and intensive 
sampling to fully characterise the role of niche in affecting microbial dis-
tributions. As for macrobes, we expect niche-distribution relationships 
will be found to constrain some microbes to distributions that are less than 
cosmopolitan.    

  Most (86%) of phylogeographic analyses do not support the EiE claim that  ■

microbes have no biogeography. Contrary to the EiE   prediction that the propor-
tion of species with biogeographies declines logistically ~1–10 mm in body size, 
no such trend was observed among empirical data sets.  

  � e EiE   claim has helped turn biogeographic research attention to small  ■

organisms, especially in its recent revival during the era of molecular sys-
tematics. We expect that the stark contrasts in the EiE claim will be replaced 
over time with more sophisticated understanding of patterns and processes 
that more fully re� ect Nature’s complexity. � e clear and simple EiE claim 
will likely give way to a more nuanced but representative understanding of 
microbial biogeography that is based on more salient metrics than body size 
alone.       
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