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We hypothesize that the diversification of motile marine arthropods with hard carapaces
resulted in a concurrent increase in the diversity of encrusting marine bryozoans whose
larvae exploited those substrates through the Mesozoic and Cenozoic. To test this, fam-
ily‐level data were tabulated from the literature on the post‐Palaeozoic diversity of motile
marine arthropod basibionts and sessile marine bryozoan epibionts. We found strong
temporal correlation from general to more specific basibiont‐epibiont relationships (i.e.
arthropods and bryozoans in general to decapods and encrusting gymnolaemates to
robust decapods and encrusting cheilostomes in particular). We compared the diversifi-
cation of bryozoans to another common group of basibionts (i.e. molluscs) and found
weaker correlations. This suggests that the diversification of motile arthropods with hard
carapaces (e.g. brachyuran crabs) may have played a role in the diversification of sessile
bryozoans (e.g. encrusting cheilostomes) in the post‐Palaeozoic. □ Arthropoda, Bry-
ozoa, Cheilostomata, Chelicerata, coevolution, epibiosis.
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Coevolution is the evolution of one clade in response
to its interaction with another clade (Janzen 1980).
The study of coevolution includes a long history of
hypothesis testing with varied results (Ehrlich &
Raven 1964; Nitecki 1983; Robinson & Clark 2018).
One of the most studied types of coevolution is sym-
biotic relationships (Futuyma & Slatkin 1983). This
is especially true of the concept of mutualism since
Janzen's (1966) famous study of ants and acacia
plants.

Arthropods have a rich fossil record of symbiotic
relationships (Feldmann 2003a). These include epi-
bionts such as limpets (Robin et al. 2017), barnacles
(Glaessner 1969) and bryozoans (Aguirre‐Urreta &
Olivero 1992). While tabulating diversity data on
arthropod basibionts and bryozoan epibionts (Sch-
weitzer & Feldmann 2015; Key et al. 2017), we
noticed a general similarity in the stratigraphical dis-
tribution of decapod arthropods and cheilostome
bryozoans. The first occurrences of brachyuran deca-
pods and encrusting cheilostomes are observed from
the Jurassic with the majority of the diversification
occurring from the Late Cretaceous to the Eocene.
Could this apparent simultaneous timing in diversity
be linked in a co‐evolutionary basibiont‐epibiont
relationship?

A multilayer network that models the positive
effect of mutualistic coevolution on diversity was

recently developed by Gracia‐Lázaro et al. (2018).
Their study suggests there could be a link between
increased diversity of mutualistic organisms. There-
fore, we hypothesize that the diversification of motile
arthropods with hard carapaces should result in a
concurrent increase in the diversity of encrusting
bryozoans whose larvae exploit those substrates. The
mutualistic positive feedback system could work by
increased motile arthropod abundance triggering an
increase in the number of substrates for encrusting
bryozoans. This potentially benefits the bryozoans by
increasing substrate space and reducing substrate
competition, all while reducing predation and
increasing feeding by living on a motile host. This
potentially benefits the arthropods by increasing
camouflage for the host and reducing predation
(Wicksten 1979, 1993). These factors trigger an
increase in diversity of both arthropods and bry-
ozoans. These benefits (e.g. camouflage) and costs
(e.g. living on a moulting host) resulting from arthro-
pod‐bryozoan relationships are well reviewed by Ross
(1983) and Key et al. (1996a).

Bryozoans are one of the most common epibionts
on arthropod exoskeletons (Ross 1983; Wahl 2009).
Extant motile host basibionts, like arthropods, pro-
vide additional hard substrates for cheilostome bry-
ozoan larvae to settle (Key et al. 1995, 1996a,b,
1999). Therefore, we hypothesize that the diversity of
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arthropods with hard carapaces and encrusting bry-
ozoans should co‐vary through time. Hard substrate
space is a limiting factor for bryozoans, especially
encrusting bryozoans (Jackson 1977; Lidgard & Jack-
son 1989; McKinney 1995; Taylor 2016). Therefore,
any increase in hard substrate space (e.g. motile host
basibionts) should cause an increase in bryozoan
diversity as documented by Balazy & Kuklinski
(2013).

We follow the terminology of Wahl (1989) and
refer to the motile arthropods as basibionts (i.e. the
host substrate organisms) and the bryozoans as epi-
bionts (i.e. the sessile organisms attached to the basi-
biont's outer surface without trophically depending
on it). Following the terminology of Taylor & Wilson
(2002), we will focus on epibionts as opposed to
endosymbionts as the bryozoans are ectosymbionts
or episkeletozoans inhabiting the exoskeleton of their
host arthropod.

Arthropods in general have evolved multiple sym-
biotic relationships (Ross 1983). Crustaceans in par-
ticular have more symbiotic relationships than
perhaps any major group of invertebrates (Ross
1983). Symbioses occur in all major groups of crus-
taceans, especially those with larger exoskeletons
such as the isopods and decapods (Ross 1983). Of
the marine animals, crustaceans are the most diverse
group of basibionts and bryozoans are the most
diverse group of epibionts (Wahl 2009, fig. 4.2). A
classic example of extant decapod‐bryozoan symbio-
sis includes decorator crabs using bryozoans as
masking material (Parapar et al. 1997; Stachowicz &
Hay 2000). Basibiont‐epibiont relationships among
fossilized decapod arthropods and cheilostome bry-
ozoans have been recently reviewed by Key et al.
(2017).

There are some limitations in using the fossil
record of arthropod‐bryozoan symbioses. First,
some arthropod carapaces are weakly calcified and
not likely to be fossilized (Plotnick 1986; Hof &
Briggs 1997; Klompmaker et al. 2017). Second, some
arthropods eat their exuviae following moulting
(Skinner 1985; Wolcott & Hines 1990; Swift 1992;
Jernakoff et al. 1993) which reduces the chance of
fossilization. Third, the vagaries of fossilization of
the host arthropod's epicuticle makes the preserva-
tion of any attached epibionts under‐represented in
the fossil record (Feldmann 2003a,b; Waugh et al.
2004). Fourth, some encrusting bryozoans lack
biomineralization (i.e. Order Ctenostomata) so are
less common in the fossil record. Fortunately, some
ctenostomes can etch into substrates (Pohowsky
1978) or be preserved as a bioimmuration (Taylor
1990).

Studies often use temporal correlation of time ser-
ies data to infer causality (e.g. anthropogenic green-
house gas emissions and global warming). Studies on
arthropods (Minelli et al. 2013; Klompmaker et al.
2015) and bryozoans (McKinney & Jackson 1989;
Taylor & Waeschenbach 2015) often use biodiversity
time series data to infer evolutionary causality. When
trying to interpret biodiversity time series data, it is
important to keep in mind that temporal correlation
does not necessarily imply causation (Hannisdal &
Liow 2018). The approach we take is to test for sig-
nificant temporal correlation from general to more
specific basibiont‐epibiont relationships.

Materials and methods

We tabulated data from the literature on the diversity
of motile marine arthropod basibionts and marine
bryozoan epibionts through the Mesozoic and Ceno-
zoic. We restricted this study to the post‐Palaeozoic
as decapod arthropods and cheilostome bryozoans
are members of Class Malacostraca and Class Gym-
nolaemata which are both associated with Sepkoski's
(1981, 1984) Modern Evolutionary Fauna. Members
of this Modern fauna may have originated in the
Palaeozoic but their diversification did not accelerate
until the Mesozoic and Cenozoic.

Temporally, we used post‐Palaeozoic stage‐level
bins except for the short stages of the Quaternary,
where we used series. When there was a disagree-
ment in the literature about a taxon's stratigraphical
range, we used the greater range as the fossil record
more often underestimates stratigraphical ranges
(Marshall 1990; Donoghue & Benton 2007). For a
geological time scale, we used the International Com-
mission on Stratigraphy's 2018/08 version of the
International Chronostratigraphic Chart (Cohen et
al. 2013). We did not range families through unless
there were occurrences in several epochs of the
Cenozoic or if identifications were personally verified
as recommended by Schweitzer & Feldmann (2014,
2015). To avoid the preservational bias of including
Modern faunas, we followed standard practice (Foote
& Miller 2007) and excluded the Holocene data. The
stage‐level bins ranged in duration from 0.70 (Ind-
uan) to 18.5 Myr (Norian) (mean = 5.2 Myr, stan-
dard deviation = 3.4 Myr). To correct for this
variation, we used the number of families per million
years for each stage in all the analyses.

Taxonomically, we used family‐level data as fam-
ily‐level diversity and stratigraphical range are better
constrained than at the genus‐ or species‐levels. The
costs and benefits of using higher taxa are well
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known (Raup 1979), but the general diversity trends
tend to be similar, although they have lower resolu-
tion at the higher taxonomic level (Alroy 2010). The
nested structure of the taxonomic hierarchical classi-
fication system means that lower and higher taxa
must always exhibit some degree of correlation (Gas-
ton 2000), but it is minimized when the ratio of
lower to higher taxa is less (Rosser 2017). This same
pattern holds for bryozoans when comparing pub-
lished genus (McKinney & Taylor 2001, fig. 2; Taylor
& Waeschenbach 2015; fig. 8, 12) and family diver-
sity curves (Boardman & Cheetham 1973, fig. 26;
Taylor 1988, fig. 1; Lidgard et al. 1993, fig. 6; Taylor
et al. 2009, fig. 8). The same pattern holds for arthro-
pods which exhibit similar family‐ and genus‐level
diversity patterns (Sepkoski 2000, fig. 1; PBDB 2018).

We restricted this study to motile marine arthro-
pod basibionts and sessile marine bryozoan epibionts.
We excluded sessile marine arthropods (e.g. barna-
cles) because, even if they could provide three‐dimen-
sional attachment space, they do not provide the
ecological benefit of a motile host for the bryozoans
as discussed below. We chose from the following
groups of motile marine arthropods with mineralized
exoskeletons that can provide a viable substrate for a
bryozoan larva. The malacostracans include Phyllo-
carida, Peracarida (amphipods, isopods, mysids),
Hoplocarida (stomatopods, archaeostomatopodas
and paleostomatopods) and Eumalacostraca (Deca-
poda, euphausiids). We did not include phyllocarids,
mysids and euphausiids because they generally are
pelagic and have no records of fouling by bryozoans.
We did not include amphipods due to their scant fos-
sil record and no records of fouling by bryozoans. We
did not include Archaeostomatopoda and Palaeosto-
matopoda as they are known only from the Palaeo-
zoic (Schram et al. 2013).

Thus, the malacostracans were represented by the
decapods (shrimp, crabs, lobsters, etc.), isopods (sea
slaters) and stomatopods (mantis shrimp). The che-
licerates were represented by the xiphosurids (horse-
shoe crabs) and pycnogonids (sea spiders). All five of
these groups function today as basibionts for epi-
biont bryozoans. We excluded ostracods because of
their different ecology (i.e. mostly planktonic and
microscopic), which has precluded them being a host
substrate for bryozoans in today's oceans.

The decapod basibiont‐bryozoan epibiont rela-
tionships preserved in the fossil record are all from
marine environments (Key et al. 2017). Therefore,
we restricted this study to marine groups. The
excluded freshwater arthropods included crayfish
(four extant and two extinct families), shrimp (five
families and one family inhabiting both marine and
freshwater, all fossil freshwater representatives

excluded) and crabs (six families). We excluded the
following eight exclusively freshwater bryozoans: all
six families of phylactolaemates and two ctenostome
families, Hislopiidae and Paludicellidae.

Post‐Palaeozoic marine decapod families were
tabulated per infraorder or in some cases, non‐
monophyletic groups of superficially similar organ-
isms, into the following 12 groups. Shrimp were
grouped into: (1) Dendrobranchiata (penaeid and
related shrimp); (2) Pleocyemata (caridean and
stenopodidean shrimp); (3) Axiidea; and, (4) Gebi-
idea, which include mud and ghost shrimp (the lat-
ter two often referred to as ‘callianassids’ in the
fossil record). Crabs were grouped into: (5) Ano-
mura (an array of crab and lobster‐like decapods,
including hermit crabs, squat lobsters and porcelain
crabs); (6) Podotremes (a polyphyletic subset of
Brachyura in which the genital openings are on the
appendages, in several sections (Dromiacea 1833‐
1850; Homoloida De Haan, 1839; Torynommidae
Glaessner 1980; Etyoida Guinot & Tavares 2001;
Raninoida Ahyong et al. 2007; Dakoticancroida
Rathbun 1917; and Cyclodorippoida Ortmann
1892); (7) Heterotremata (a subset of Brachyura in
which the genital openings are on the sternum (fe-
males) and appendages (males); and, (8) Thora-
cotremata (those brachyurans with genital openings
on the sternum in both males and females). Lob-
sters were grouped into: (9) Glypheidea (a largely
extinct group of clawed and pseudochelate lobsters);
(10) Homarida (a marine subset of Astacidea,
which also includes freshwater crayfish); (11) Poly-
chelida (mostly extinct lobsters with more than
three sets of claws); and, (12) Achelata (lobster‐like
decapods such as spiny lobsters and slipper lobsters
which lack claws but possess robust antennae such
as palinurids and scyllarids).

Order Isopoda contributed eight families with a
fossil record. Post‐Palaeozoic Unipeltata stom-
atopods range from the Late Jurassic to Holocene.
There are 17 extant families (Van Der Wal et al.
2017), of which we included the eight with a fossil
record. Two additional families are extinct. Order
Xiphosurida was represented by one horseshoe crab
family. Order Pantopoda added three fossil sea spider
families.

Extinct occurrences of decapods are based upon
the compilation of Schweitzer et al. (2010) and their
own updates to that list. The most current classifica-
tion schemes to family level and extant family occur-
rences were culled from a variety of sources.
Dendrobranchiata data were taken from De Grave &
Fransen (2011) and Tavares & Martin (2010).
Stenopodidea was taken from De Grave & Fransen
(2011) and Goy (2010), and the caridean family
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classification and occurrences were compiled from
Wicksten (2010), De Grave & Fransen (2011), and
De Grave et al. (2014, 2015). Anomura was compiled
from Boyko & McLaughlin (2010), McLaughlin et al.
(2010a,b), Osawa & McLaughlin (2010), and Tudge
et al. (2012). Gebiidea and Axiidea occurrences were
compiled from Dworschak et al. (2012), Poore &
Dworschak (2017), and Dworschak & Poore (2018).
Lobster classification follows Karasawa et al. (2013)
and extant lobster occurrences were taken from Chan
(2010). Podotreme crab classification follows Kara-
sawa et al. (2011, 2014), Davie et al. (2015), and Sch-
weitzer et al. (2016). Heterotremate crabs have
received considerable attention in the past decade,
and classification and occurrences were compiled
from multiple sources, with Ng et al. (2008), De
Grave et al. (2009) and Schweitzer et al. (2010) as
base lines. Portunoidea family classification follows
Evans (2018) with consultation of Karasawa et al.
(2008), Ng et al. (2008), Spiridinov et al. (2014), and
Davie et al. (2015). Classification of Trapezioidea fol-
lows Castro et al. (2004) and Davie et al. (2015).
Classification for Xanthoidea follows Lai et al.
(2011), Thoma et al. (2014), and Davie et al. (2015).
For the classification and arrangement of superfami-
lies, families, subfamilies and genera within the
Majoidea, we follow Guinot (2011, 2012) and Wind-
sor & Felder (2014). Classification of Pinnotheroidea
follows Davie et al. (2015) and Theil et al. (2016).
Eriphioidea families are based upon Davie et al.
(2015), and Pseudozioidea is based upon Naruse &
Ng (2014).

The post‐Palaeozoic stratigraphical distribution of
isopod families was culled from Wieder & Feldmann
(1992), Hyžný et al. (2013), Jones et al. (2014), Hess-
ler (1969), Brandt et al. (1999) and Maguire et al.
(2018). Isopod higher classification was based upon
Ahyong et al. (2011) and generic occurrences in the
World Register of Marine Species (WoRMS 2018).
Stratigraphical ranges for stomatopods were com-
piled from several sources (Ahyong et al. 2007; Haug
et al. 2010; Franţescu 2012; Schram et al. 2013;
Charbonnier et al. 2017; and references therein). The
stratigraphical distribution of horseshoe crab families
was culled from Lamsdell (2016) and references
therein. The stratigraphical distribution of sea spider
families was culled from Arango & Wheeler (2007),
Charbonnier et al. (2007) and Bamber (2011).

Post‐Palaeozoic marine bryozoan families were
tabulated per order into five groups following Bock
& Gordon (2013): Order Cheilostomata and Order
Ctenostomata in Class Gymnolaemata as well as
Order Cryptostomata, Order Cyclostomata and
Order Trepostomata in Class Stenolaemata. Despite
lacking biomineralization, ctenostomes do have a

fossil record (Pohowsky 1978). Since they foul
arthropods today (Key et al. 2017), we included
Order Ctenostomata in this study. The families and
their stratigraphical distributions were compiled
from Taylor (1993), Bock & Gordon (2013), Bock
(2018) and Gordon (2018).

To test for coevolution of the arthropods and bry-
ozoans, we adopted the approach of Huntley &
Kowalewski (2007) of using correlation coefficients
to infer temporal coupling. Following their method-
ology, the data were corrected for autocorrelation by
first differencing. We used the following four basi-
biont‐epibiont pairs arranged from general to more
specific subset relationships to test for time series
correlations.

1 Arthropods and bryozoans. Arthropods include
the post‐Palaeozoic motile marine Decapoda, Iso-
poda, Stomatopoda, Pantopoda and Xiphosurida.
Bryozoans include the post‐Palaeozoic sessile mar-
ine Gymnolaemata and Stenolaemata;

2 Arthropods and encrusting bryozoans. Though
erect bryozoans do occur on fossilized arthropods
(Key et al. 2010) and many erect forms begin with
a small encrusting base, by far the most common
growth forms on arthropods are encrusting bry-
ozoans (Key et al. 2017). Therefore, the bryozoan
colony growth form was classified for each family
using the simplified growth form classification of
Nelson et al. (1988) as modified by Smith & Nel-
son (1994) and summarized in Smith et al. (1998).
Each family was scored as either having at least
one taxon that was encrusting or not, primarily
based on Bock (2018) and augmented as needed
by Bassler (1953) and the primary literature. In
the encrusting colony growth form, we included
the habit of etching into substrates by some
ctenostomes and cheilostomes (Pohowsky 1978;
Taylor et al. 1999, 2013);

3 Decapods and encrusting gymnolaemates. Among
the arthropods, we focused on Order Decapoda as
it is the most diverse group of arthropod basi-
bionts in our data set. Among the bryozoans, we
focused on Class Gymnolaemata as it contains the
two most diverse extant epibiont bryozoan orders
(Cheilostomata and Ctenostomata); and

4 Robust decapods and encrusting cheilostomes.
Among the decapods, we excluded those that are
rarely fouled by bryozoans such as the Anomura
squat lobsters and porcelain crabs, the Thora-
cotremata brachyuran crabs that are often inter-
tidal and burrowing, and those decapods that have
thin exoskeletons such as burrowing and swim-
ming shrimp. We included those decapods that
provide firm substrates for fouling bryozoan larvae
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including the ubiquitous Heterotremata brachyu-
ran crabs, the Podotremata brachyuran crabs
which exhibit carrying behaviour and lobsters
including Glypheidea, Homarida (i.e. marine
Astacidea), Polychelida and Achelata (Giri &
Wicksten 2001; Waugh et al. 2004; Key et al.
2017). Among the encrusting gymnolaemates, we
focused on the cheilostomes as they dominate the
fossil and extant bryozoan basibiont record (Key
et al. 2017).

To test for similar correlations with our basibiont
groups, we extracted stage‐by‐stage family‐level mol-
luscan diversity data from the Paleobiology Database
(PBDB 2018) using the same range‐through method
for the arthropods and bryozoans. We chose mol-
luscs as their robust shells are common substrates for
bryozoans, and many are motile‐like arthropods.
Bivalves (Taylor 1979; Taylor & Wilson 2003), gas-
tropods (Taylor et al. 1989; Taylor 1994) and cepha-
lopods (Wyse Jackson & Key 2014; Wyse Jackson
et al. 2014) all serve as basibionts for epibiont bry-
ozoans and are well preserved in the fossil record.

To test for coevolution of the post‐Palaeozoic bry-
ozoans and molluscs, we used the following four
basibiont‐epibiont pairs arranged from general to
more specific subset relationships to test for time ser-
ies correlations: (1) all bryozoans and all molluscs;
(2) encrusting bryozoans and all molluscs; (3)
encrusting gymnolaemate bryozoans and motile mol-
luscs most accessible to fouling bryozoans larvae (i.e.
gastropods plus cephalopods but not bivalves which

often are infaunal); and, (4) encrusting cheilostome
gymnolaemate bryozoans and gastropods plus
cephalopods.

Results

At the most general level of correlation, the number
of post‐Palaeozoic motile marine arthropod families
ranged from one in the Induan stage of the Lower
Triassic to 98 in the Pleistocene Series of the Quater-
nary (Fig. 1; Table S1). The number of post‐Palaeo-
zoic sessile marine bryozoan families ranged from
seven in the Induan to 126 in the Piacenzian stage of
the Pliocene (Fig. 1; Table S1). After correcting for
the different durations of the stage bins, this correla-
tion produced a significant (i.e. P < 0.001) linear
regression with an R2 value of 0.969 (Fig. 2A,
Table 1; Table S2) and when using first differences a
significant (i.e. P < 0.001) R2 value of 0.973 (Table 1;
Table S3).

The number of post‐Palaeozoic sessile marine
encrusting bryozoan families ranged from 6 in the
Induan to 78 in the Piacenzian (Fig. 3; Table S1).
Correlating this time series with the number of post‐
Palaeozoic motile marine arthropod families (Fig. 3)
produced a significant (i.e. P < 0.001) linear regres-
sion with an R2 value of 0.970 (Fig. 2B) after correct-
ing for the different durations of the stage bins
(Table 1; Table S2). Using first differences yielded a
significant (i.e. P < 0.001) R2 value of 0.973 (Table 1;
Table S3).

Fig. 1. Post‐Palaeozoic family‐level diversity of main groups of motile marine arthropods and sessile marine bryozoans used in this study.
Raw data available in Table S1.
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The number of post‐Palaeozoic motile marine dec-
apod arthropod families ranged from 1 in the Induan
to 89 in the Pleistocene (Fig. 4; Table S1). The num-
ber of post‐Palaeozoic sessile marine encrusting gym-
nolaemate bryozoan families ranged from four in the
Induan to 71 in the Piacenzian (Fig. 4; Table S1).
After correcting for the different durations of the
stage bins, this correlation produced a significant (i.e.
P < 0.001) linear regression with an R2 value of
0.964 (Fig. 2C) and when using first differences a sig-
nificant (i.e. P < 0.001) R2 value of 0.969 (Tables 1;
Table S2).

The number of post‐Palaeozoic motile marine
robust decapod arthropod families ranged from 1 in
the Induan to 60 in the Lutetian stage of the Eocene
(Fig. 5; Table S1). The number of post‐Palaeozoic
sessile marine encrusting cheilostome gymnolaemate
bryozoan families ranged from 1 in the Tithonian
stage of the Upper Jurassic to 63 in the Pleistocene
(Fig. 5; Table S1). After correcting for the different
durations of the stage bins, this correlation produced

a significant (i.e. P < 0.001) linear regression with an
R2 value of 0.955 (Fig. 2D) and when using first dif-
ferences a significant (i.e. P < 0.001) R2 value of
0.940 (Table 1; Table S2).

In contrast to the bryozoan‐arthropod correla-
tions, the bryozoan‐molluscan correlations (Fig. 6,
Tables 1; Tables S4, S5) were on average signifi-
cantly weaker (mean = 0.667; standard devia-
tion = 0.060) than for bryozoans and arthropods
(mean = 0.964; standard deviation = 0.014; t‐test,
P = 0.004).

Discussion

Our literature‐based, family‐level diversity tabulation
is effective as a higher proportion of taxa can be
incorporated than if working at the species‐ or
genus‐level as the latter data are not available for bry-
ozoans. Additionally, most of the competing
hypotheses for the diversification of cheilostome

Fig. 2. Plots of post‐Palaeozoic motile marine arthropod family‐level diversity per million years versus post‐Palaeozoic sessile marine bry-
ozoan family‐level diversity per million years. Correlations are in increasing specificity from all arthropods and all bryozoans (A), to all
arthropods and encrusting bryozoans (B), to decapods and encrusting gymnolaemates (C), to robust decapods and encrusting cheilos-
tomes (D). All R2 values are significant to P < 0.001. Raw data available in Table S2.
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bryozoans discussed below were based on family‐
level data. This approach, though, is limited in four
ways.

First, it requires the assumption that each family
has the same cumulative surface area available for
bryozoan larval settlement. This is not the case
because intra‐family diversity varies, intra‐family
population sizes vary and intra‐family exoskeleton
surface area varies. For example, the number of spe-
cies per family in cheilostome bryozoans ranges from
1 to 336 (Bock & Gordon 2013).

Regarding the effect of intra‐family population
size variation, how well does family‐level data reflect
abundance in arthropods and bryozoans? Due to
the difficulty of counting individuals in life and
death assemblages (Lockwood & Chastant 2006),
there are few studies comparing diversity and abun-
dance to test how valid is our use of family‐level
diversity as a proxy for abundance. What studies
there are, tend to be small scale and at the species
level. Two studies in Panama using bryozoans (Tay-
lor 2001) and arthropods (Abele 1976) suggest
abundance and diversity tend to be positively corre-
lated.

In regard to the effect of intra‐family exoskeleton
surface area variation, each arthropod basibiont does
not provide the same target area for bryozoan larval
settlement. Klompmaker et al. (2015) found that
maximum, mean and median body size increased for
crabs and lobsters over the course of the Meso-
zoic. They argued that this long‐term increase in
body size of crabs and lobsters, coupled with their
increased diversity and abundance, suggests that
their ecological impact may have increased over evo-
lutionary time.

The Target Area Hypothesis (Lomolino 1990) of
MacArthur & Wilson's (1967) Theory of Island Bio-
geography argues that larger targets (e.g. islands or
the exoskeletons of decapod basibionts) should have
more diversity simply because they are a larger target
for ‘propagules’ (Stracey & Pimm 2009). The target
area effect has been documented on a variety of basi-
bionts fouled by bryozoans, including decapods (Key

Table 1. Correlation values for family‐level diversity of basi-
biont–epibiont pairs using diversity per million years (Fig. 2),
and diversity per million years corrected for autocorrelation by
first differencing

Basibiont–Epibiont pair

R2

Diversity
per Myr

Diversity per
Myr first
differences

Arthropods–Bryozoans 0.969 0.973
Arthropods–Encrusting bryozoans 0.970 0.973
Decapods–Encrusting
gymnolaemates

0.964 0.969

Robust decapods–Encrusting
cheilostomes

0.955 0.940

Molluscs–Bryozoans 0.674 0.700
Molluscs–Encrusting bryozoans 0.705 0.732
Gastropod + cephalopod molluscs–
Encrusting gymnolaemates

0.638 0.663

Gastropod + cephalopod molluscs–
Encrusting cheilostomes

0.576 0.573

Linear regression P values are all <0.001.

Fig. 3. Post‐Palaeozoic family‐level diversity of all motile marine arthropods and sessile marine encrusting bryozoans. Raw data available
in Table S1.
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et al. 1996a, 2000, 2010, 2013, 2017; Key & Barnes
1999). Marine arthropods fouled by bryozoans vary
in surface area by three orders of magnitude (Key et
al. 2013, table 10.2). If the relative per cent cover of
the host arthropod by the fouling bryozoan is low,
then the potential benefit of camouflage is lost. If this
is the case, then the relationship becomes more

commensal (i.e. the decapods are not harmed but not
benefitted either).

Second, the approach requires the assumption that
the prevalence of colony growth form is consistent
within each bryozoan family. Colony growth form is
quite ecophenotypically plastic and can vary within
taxon (Hageman et al. 1997).

Fig. 4. Post‐Palaeozoic family‐level diversity of motile marine decapod arthropods and sessile marine encrusting gymnolaemate bry-
ozoans. Raw data available in Table S1.

Fig. 5. Post‐Palaeozoic family‐level diversity of motile marine ‘robust’ decapod arthropods and sessile marine encrusting cheilostome
gymnolaemate bryozoans. Raw data available in Table S1.
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Third, this approach requires the assumption
that bryozoan larval preference is equal among all
arthropod basibionts. Bryozoan larvae often choose
where to settle based on the composition of the
biofilm community on the substrate (Dahms et al.
2004) and/or the mechanical properties of the sur-
face on which bryozoan larvae settle (Gray et al.
2002).

Fourth, this approach requires the assumption that
post‐settlement bryozoan larval mortality is equal
among all arthropod basibionts. While on the
exoskeleton of the arthropod basibiont, bryozoan lar-
vae and their resulting colonies are affected by differ-
ential abrasion from the substrate (Fernandez‐
Leborans 2010), host grooming (Bauer 1981; Tash-
man et al. 2018), predation (Key et al. 2013), food
availability (Eggleston 1971) and subaerial exposure
(Key et al. 1995).

Despite these required assumptions, we think the
analysis is worthwhile as the data set includes hun-
dreds of families ranging over hundreds of millions

of years that should still elucidate any general pattern
present. Our approach of doing increasingly specific
time series correlations revealed constant robust cor-
relations. The R2 values were all significant (i.e.
P < 0.001), and using diversity per million years and
first differences, ranged from 0.940 to 0.973 (mean =
0.964, standard deviation 0.014; Table 1). This sug-
gests the diversification of arthropods is tightly corre-
lated with the diversification of bryozoans. Despite
the lowest diversity numbers of the four increasingly
specific basibiont‐epibiont correlations, the correla-
tion between the decapods (and in particular robust
ones like brachyuran crabs which are the most
numerically abundant) and gymnolaemates (and in
particular encrusting cheilostomes which are the
most numerically abundant) was still strong with an
R2 of 0.940. This is supported by the fossil record of
crabs where gymnolaemates dominate the literature
reports of fouling bryozoans (83%, Key et al. 2017,
table 4) and especially cheilostomes (78%, Key et al.
2017, table 4).

Fig. 6. Plots of post‐Palaeozoic molluscan family‐level diversity per million years versus post‐Palaeozoic bryozoan family‐level diversity
per million years. Correlations are in increasing specificity from all molluscs and all bryozoans (A), to all molluscs and encrusting bry-
ozoans (B), to gastropods + cephalopods and encrusting gymnolaemates (C), to gastropods + cephalopods and encrusting cheilostomes
(D). All R2 values are significant to P < 0.001. Raw data available in Table S4.
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In order to determine whether this study would
produce different results using genus‐level taxonomy,
we compared the family‐level diversity plots (Figs 1,
3–5) with previously published genus‐level plots.
Published marine arthropod data at the genus‐level
show a general upward trend in diversity post‐
Palaeozoic (Sepkoski 2000). Our own data for deca-
pods do as well, although with more peaks and
troughs than the Sepkoski data, with peaks in the
Tithonian, Albian‐Cenomanian, Campanian‐Maas-
trichtian, Lutetian and Priabonian and with troughs
in the earliest Early Cretaceous, Turonian‐Coniacian,
Danian‐Selandian, Bartonian and Oligocene. At least
some of these peaks are due to collector bias (Sch-
weitzer & Feldmann 2016).

Bryozoan genus‐level data show similar patterns to
family‐level plots; however, plots exhibiting higher
taxa data produce lower resolutions than do genus‐
level plots. Both McKinney & Taylor (2001, fig. 2)
and Taylor & Waeschenbach (2015, figs 8, 12) show
a post Palaeozoic switchover at ~75 Ma from more
cyclostomes to more cheilostomes. Our family‐level
data suggest this happened at ~85 Ma. Our family‐
level data show similar trends with Lidgard et al.'s
(1993, fig. 6) data on post‐Triassic cyclostome and
cheilostome diversity. Both the previously published
genus and family‐level data as well as our data show
a general Cenozoic increase in cheilostome diversity.
McKinney & Taylor (2001) attribute this increase in
cheilostome diversity through the Cenozoic to lower
extinction rates in encrusting as opposed to erect
cheilostomes. This may be associated with increased
diversity of arthropod basibiont substrates. Perhaps
the coevolution of cheilostome epibionts and deca-
pod basibionts contributed to the replacement of
cyclostomes by cheilostomes in the Cenozoic (Lid-
gard et al. 1993; Sepkoski et al. 2000). Reports of
cheilostomes fouling decapods today are three times
more common than cyclostomes (Key et al. 2017,
table 3) and five times more common in the fossil
record (Key et al. 2017, table 4).

We suggest that the simultaneous timing of post‐
Palaeozoic marine arthropod and bryozoan diversifi-
cation may be the result of co‐evolutionary host sub-
strate‐fouling bryozoan relationships. But other
potential causes were also undoubtedly operating
during this time that may make this robust correla-
tion simply a coincidence. For example, what is the
temporal distribution of other hard substrates that
we did not quantify? Encrusting bryozoans are also
known to exploit abiotic hard substrates as well as
dead biotic substrates (Taylor & Wilson 2003; Taylor
et al. 2012; Taylor 2016), and carbonate hardgounds
increased in availability through the Jurassic and
Cretaceous (Wilson & Palmer 1992). Competing

hypotheses for the radiation of cheilostomes include
increasing colonial integration (Boardman & Chee-
tham 1973), the evolution of unilaminate erect
growth forms (McKinney 1986), the evolution of
zooidal and frontal budding (Lidgard 1986; Lidgard
& Jackson 1989), the evolution of larval brooding
(Taylor 1988), the advent of biomineralogical diver-
sity (Taylor et al. 2009) and the evolution of features
that protect the colony from micropredators (Lid-
gard et al. 2012; Taylor & Waeschenbach 2015). Per-
haps increasing bryozoan fouling of motile marine
‘robust’ decapod arthropods allowed sessile marine
encrusting cheilostome gymnolaemate bryozoans to
diversify as well, in conjunction with these other dri-
vers.

Adaptations for durophagy in decapods appeared
in the early Mesozoic and were widespread by the
Late Cretaceous, also coinciding with the radiation of
Brachyura (Schweitzer & Feldmann 2010). Hete-
rochely, which appeared in the early Triassic, confers
numerous survival benefits beyond feeding (summa-
rized in Schweitzer & Feldmann 2010). Many
brachyuran lineages, including those extending into
the Jurassic, exhibit multiple feeding strategies (Sch-
weitzer & Feldmann 2010). Moreover, Decapoda
includes some lineages exhibiting environmental
preferences stable through time and some that inha-
bit a wide variety of environments at any given time
(Schweitzer & Feldmann 2015). Lobster‐like lineages
exhibited niche partitioning through time, perhaps
ensuring survival of more lineages (Schweitzer &
Feldmann 2014). Major radiations within decapods
coincide with reef‐building through time (Klomp-
maker et al. 2013). Perhaps this diversity of habitat
preferences conferred survivability within the group.
All of these factors may have driven diversification
among decapods independent of cheilostomes.

It is possible that the correlation here between
bryozoans and arthropods is caused by something
extrinsic to either group or that affects each group
in the same way. Both marine arthropods and bry-
ozoans diversified post‐Palaeozoic, and this could
be due to factors that are favourable to each group.
Perhaps lack of competition from other groups
were favourable for both decapods and cheilos-
tomes. For example, trilobite arthropods were
replaced by malacostracan arthropods of the Mod-
ern Evolutionary Fauna (Sepkoski 1981) and cyclos-
tomes were largely replaced by cheilostomes
(McKinney & Taylor 2001; Taylor & Waeschenbach
2015). Extinction resistivity may be similar in each
group so that the correlation seen here between
arthropods and bryozoans simply parallels patterns
of diversification seen in other marine groups of
the Modern Evolutionary Fauna.
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To address that, we tested for coevolution of the
post‐Palaeozoic bryozoans and molluscs, using the
same methodology as for the bryozoans and arthro-
pods. We used the following four basibiont‐epibiont
pairs arranged from general to more specific subset
relationships to test for time series correlations: (1)
all bryozoans and all molluscs; (2) encrusting bry-
ozoans and all molluscs; (3) encrusting gymnolae-
mate bryozoans and motile molluscs most accessible
to fouling bryozoans larvae (i.e. gastropods plus
cephalopods but not bivalves which often are infau-
nal); and (4) encrusting cheilostome gymnolaemate
bryozoans and gastropods plus cephalopods.

Using molluscs instead of arthropods requires the
assumption that arthropods with sturdy skeletons
and molluscs have similar relative abundances in liv-
ing assemblages. Arthropod molts/carcasses can act
as substrates for bryozoans (Key et al. 2017) which at
least partially offsets the lower preservation potential
of various arthropod clades relative to molluscs. Pre-
vious studies have suggested molluscs, especially
robust gastropods, are more abundant in fossil
assemblages than arthropods (Kidwell 2001; Pasch et
al. 2010). Unfortunately, these studies also include
infaunal and sessile taxa and are not restricted to
epibenthic motile taxa as in our study. There is only
one study directly comparing the relative abundance
of epibenthic motile arthropods and molluscs in liv-
ing assemblages (Merta 1980). Merta (1980) inge-
niously examined surface trace fossils to focus on
epibenthic motile taxa and inferred similar abun-
dances of arthropods and molluscs. Unfortunately,
Merta (1980) is not an ideal comparison as arthro-
pods are more likely trace makers than molluscs.

Based on the literature, there are more reported
cases of bryozoans encrusting molluscs than arthro-
pods in modern faunas. This is probably in response
to the greater diversity of marine molluscs than
arthropods. What anecdotal evidence there is sug-
gests that bivalves (Allen 1953; Ward & Thorpe
1991) and gastropods (Taylor et al. 1989; Schejter et
al. 2011) are more commonly encrusted by bry-
ozoans than arthropods (Key et al. 2017). Unfortu-
nately, the molluscan data have not been analysed to
exclude infaunal, sessile or dead hosts.

The bryozoan‐molluscan correlations (Fig. 6,
Table 1) were on average significantly weaker than
for bryozoans and arthropods. The fact that the bry-
ozoan‐arthropod correlations are higher than those
for the molluscs suggests any coevolution may have
been more strongly coupled between the bryozoans
and the arthropods than bryozoans and molluscs.
This is despite the vagaries of fossilization of the host
crab's epicuticle, which makes the preservation of
any attached epibionts under‐represented in the

fossil record (Feldmann 2003a,b; Waugh et al. 2004).
The weaker correlation with the molluscs may also
partly be a function of the post‐Palaeozoic infaunal-
ization of many siphonate bivalves in response to the
Mesozoic Marine Revolution (Stanley 1977; Vermeij
1977; Buatois et al. 2016).

A similar arthropod‐bryozoan co‐evolutionary
diversification may have also occurred in the Palaeo-
zoic and played a role in the Great Ordovician Biodi-
versification Event (Webby et al. 2004). This co‐
evolutionary diversification would have involved dif-
ferent motile marine hosts and different sessile
encrusting marine bryozoans than in this study.
Trilobite arthropods, part of the Cambrian Evolu-
tionary Fauna (Sepkoski 1981, 1984, 2000), were a
common basibiont for stenolaemate bryozoans (Key
et al. 2010). Nautiloid cephalopods, part of the
Palaeozoic Evolutionary Fauna (Sepkoski 1981, 1984,
2000), were a common basibiont for stenolaemate
bryozoans (Wyse Jackson & Key 2014; Wyse Jackson
et al. 2014). The timing of the diversification of bry-
ozoans through the Ordovician (Taylor & Ernst
2004; Ernst 2018) roughly coincides with the diversi-
fication of trilobites (Adrain et al. 2004) and nau-
tiloid cephalopods (Frey et al. 2004). This apparent
correlation merits more quantitative analysis.

Conclusions

The question addressed in this study is: Could the
simultaneous timing in diversification of arthropods
and bryozoans be linked in a co‐evolutionary basi-
biont‐epibiont relationship? Using family‐level post‐
Palaeozoic stage‐by‐stage diversity of arthropods and
bryozoans, we showed that the diversification of
arthropods is tightly correlated with the diversifica-
tion of bryozoans, especially those in the Modern
Evolutionary Fauna (i.e. decapods and cheilostomes).
The timing of diversification of molluscs, another
viable basibiont and bryozoans is not as well corre-
lated. This suggests that as decapod arthropods with
robust exoskeletons diversified, they may have pro-
vided increased substrate space for encrusting chei-
lostome bryozoans to exploit and increasing
camouflage for the hosts, thus leading to their subse-
quent coevolutionary diversification.

Acknowledgements. – Thanks to Dennis Gordon (National Insti-
tute of Water & Atmospheric, New Zealand) for giving us access
to his bryozoan family‐level data and to Paul Taylor (Natural His-
tory Museum, London) for giving us access to his bryozoan
genus‐level data. Abigail Smith (University of Otago, New Zeal-
and) provided most of the bryozoan growth form data. Jessica
Tashman (Kent State University) provided preliminary data on
xiphosuran diversity. Rodney Feldmann (Kent State University)
read earlier drafts of the manuscript and made constructive

LETHAIA 53 (2020) Arthropod and bryozoan diversity 193



suggestions. Diversity analysis of Decapoda was funded by NSF
EAR‐1223206 to Schweitzer and Feldmann. This manuscript was
greatly improved by the constructive criticism of two anonymous
reviewers and Alan Owen (University of Glasgow, Scotland).

References
Abele, L.G. 1976: Comparative species composition and relative
abundance of decapod crustaceans in marine habitats of
Panama. Marine Biology 38, 263–278.

Adrain, J.M., Edgecombe, G.D., Fortey, R.A., Hammer, Ø., Laurie,
J.R., McCormick, T., Owen, A.W., Waisfeld, B.G., Webby,
B.D., Westrop, S.R. & Zhi‐yi, Z. 2004: Trilobites. In Webby,
B.D., Paris, F., Droser, M.L. & Percival, I.G. (eds): The Great
Ordovician Biodiversification Event, 231–254. Columbia
University Press, New York.

Aguirre‐Urreta, M.B. & Olivero, E.B. 1992: A Cretaceous hermit
crab from Antarctica: predatory activities and bryozoan sym-
biosis. Antarctic Science 4, 207–214.

Ahyong, S.T., Lai, J.C.Y., Sharkey, D., Colgan, D.J. & Ng, P.K.L.
2007: Phylogenetics of the brachyuran crabs (Crustacea: Deca-
poda): the status of Podotremata based on small subunit
nuclear ribosomal RNA. Molecular Phylogenetics and Evolution
45, 576–586.

Ahyong, S.T., Lowry, J.K., Alonso, M., Bamber, R.N., Boxshall,
G.A., Castro, P., Gerken, S., Karaman, G.S., Goy, J.W., Jones,
D.S., Meland, K., Rogers, D.C. & Svavarsson, J. 2011: Crus-
tacea. Zootaxa 3148, 165–191.

Ahyong, S.T., Garassino, A. & Gironi, B. 2017: Archaeosculda
phoenicia n. gen., n. sp. (Crustacea, Stomatopoda, Pseudoscul-
didae) from the Upper Cretaceous (Cenomanian) of Lebanon.
Atti della Società Italiana di Scienze Naturali e del Museo
Civico di Storia Naturale in Milano 148, 3–15.

Allen, J.A. 1953: Observations on the epifauna of the deep‐water
muds of the Clyde Sea area, with special reference to Chlamys
septemradiata (Müller). Journal of Animal Ecology 22, 240–260.

Alroy, J. 2010: The shifting balance of diversity among major
marine animal groups. Science 329, 1191–1194.

Arango, C.P. & Wheeler, W.C. 2007: Phylogeny of the sea spiders
(Arthropoda, Pycnogonida) based on direct optimization of six
loci and morphology. Cladistics 23, 255–293.

Balazy, P. & Kuklinski, P. 2013: Mobile hard substrata ‐ an addi-
tional biodiversity source in a high latitude shallow subtidal
system. Estuarine, Coastal and Shelf Science 119, 153–161.

Bamber, R.N. 2011: Pycnogonida. Zootaxa 3148, 110–111.
Bassler, R.S. 1953: Bryozoa. In Moore, R.C. (ed): Treatise on
Invertebrate Paleontology, Part G, Bryozoa, 1–253. Geological
Society of America and University of Kansas Press, Lawrence.

Bauer, R.T. 1981: Grooming behavior and morphology in the
decapod Crustacea. Journal of Crustacean Biology 1, 153–173.

Boardman, R.S. & Cheetham, A.H. 1973: Degrees of colony domi-
nance in stenolaemate and gymnolaemate Bryozoa. In Board-
man, R.S., Cheetham, A.H. & Oliver Jr., W.A. (eds): Animal
Colonies, 121–220. Dowden Hutchinson & Ross Inc.,, Strouds-
burg, PA.

Bock, P.E. 2018: Recent and Fossil Bryozoa. Accessed 12 August
2018, http://www.bryozoa.net/.

Bock, P.E. & Gordon, D.P. 2013: Phylum Bryozoa Ehrenberg,
1831. Zootaxa 3703, 67–74.

Boyko, C.B. & McLaughlin, P.A. 2010: Annotated Checklist of
anomuran decapod crustaceans of the world (exclusive of the
Kiwaoidea and families Chirostylidae and Galatheidae of the
Galatheoidea) Part IV—Hippoidea. The Raffles Bulletin of
Zoology Supplement 23, 139–151.

Brandt, A., Crame, J.A., Polz, H. & Thomson, M.R.A. 1999: Late
Jurassic Tethyan ancestry of recent southern high‐latitude mar-
ine isopods (Crustacea, Malacostraca). Palaeontology 42, 663–
675.

Buatois, L.A., Carmona, N.B., Curran, H.A., Netto, R.G., Mán-
gano, M.G. & Wetzel, A. 2016: The Mesozoic marine revolu-
tion. In Mángano, M.G. & Buatois, L.A. (eds): The Trace‐Fossil

Record of Major Evolutionary Events, 19–134. Springer, Dor-
drecht, The Netherlands.

Castro, P., Ng, P.K.L. & Ahyong, S.T. 2004: Phylogeny and sys-
tematics of the Trapeziidae Miers, 1886 (Crustacea: Bra-
chyura), with the description of a new family. Zootaxa 643, 1–
70.

Chan, T.‐Y. 2010: Annotated checklist of the world's marine lob-
sters (Crustacea: Decapoda: Astacidea, Glypheidea, Achelata,
Polychelida). The Raffles Bulletin of Zoology Supplement 123,
153–181.

Charbonnier, S., Vannier, J. & Riou, B. 2007: New sea spiders
from the Jurassic La Voulte‐sur‐Rhône Lagerstätte. Proceedings
of the Royal Society B 274, 2555–2561.

Charbonnier, S., Audo, D., Garassino, A. & Hyžný, M. 2017: Fos-
sil Crustacea of Lebanon. Muséum National d'Histoire Natur-
elle Publications Scientifique 210, 1–252.

Cohen, K.M., Finney, S.C., Gibbard, P.L. & Fan, J.‐X. 2013: (up-
dated): The ICS International Chronostratigraphic Chart. Epi-
sodes 36, 199–204.

Dahms, H.U., Dobretsov, S. & Qian, P.Y. 2004: The effect of bac-
terial and diatom biofilms on the settlement of the bryozoan
Bugula neritina. Journal of Experimental Marine Biology and
Ecology 313, 191–209.

Davie, P.J.F., Guinot, D. & Ng, P.K.L. 2015: Systematics and clas-
sification of Brachyura. In Castro, P., Davie, P.J.F., Guinot, D.,
Schram, F.R. & von Vaupel Klein, J.C. (eds): Treatise on Zool-
ogy – Anatomy, Taxonomy, Biology, The Crustacea, 9C—I.
Koninklijke, 1049–1130. Brill NV, Leiden.

De Grave, S. & Fransen, C.H.J.M. 2011: Carideorum catalogus:
the recent species of the dendrobranchiate, stenopodidean,
procarididean and caridean shrimps (Crustacea, Decapoda).
Zoologische Mededelingen 85, 195–589.

De Grave, S., Pentcheff, N.D., Ahyong, S.T., Chan, T.‐Y., Cran-
dall, K.A., Dworschak, P.C., Felder, D.L., Feldmann, R.M.,
Fransen, C.H.J.M., Goulding, L.Y.D., Lemaitre, R., Low, M.L.,
Martin, J.W., Ng, P.K.L., Schweitzer, C.E., Tan, S.H., Tshudy,
D. & Wetzer, R. 2009: A classification of recent and fossil gen-
era of decapod crustaceans. The Raffles Bulletin of Zoology Sup-
plement 21, 1–109.

De Grave, S., Li, C.P., Tsang, L.M., Chu, K.H. & Chan, T.‐Y. 2014:
Unweaving hippolytoid systematics (Crustacea, Decapoda,
Hippolytidae): resurrection of several families. Zoologica
Scripta 43, 496–507.

De Grave, S., Fransen, C.H.J.M. & Page, T.J. 2015: Let's be pals
again: major systematic changes in Palaemonidae (Crustacea:
Decapoda). PeerJ 3, e1167.

De Haan, W. 1833‐1850: Crustacea. In von Siebold, P.F. (ed.):
Fauna Japonica sive Descriptio Animalium, quae in Itinere per
Japoniam, Jussu et Auspiciis Superiorum, qui summum in India
Batava Imperium Tenent, Suscepto, Annis 1823–1830 Collegit,
Notis, Observationibus et Adumbrationibus Illustravit: i–xvii, i–
xxxi, ix–xvi, 1–243. J. Müller et Co., Lugduni Batavorum, Ley-
den.

Donoghue, P.C.J. & Benton, M.J. 2007: Rocks and clocks: calibrat-
ing the tree of life using fossils and molecules. Trends in Ecol-
ogy and Evolution 22, 424–431.

Dworschak, P.C. & Poore, G.C.B. 2018: More cautionary tales:
family, generic and species synonymies of recently published
taxa of ghost and mud shrimps (Decapoda: Axiidea and Gebi-
idea). Zootaxa 4394, 61–76.

Dworschak, P.C., Felder, D.L. & Tudge, C.C. 2012: Infraorders
Axiidea de Saint Laurent, 1979 and Gebiidea de Saint Laurent,
1979 (formerly known collectively as Thalassinidea). In
Schram, F.R. & von Vaupel Klein, J.C. (eds): The Crustacea, 9B
(Eucarida: Decapoda: Astacidea P.P. (Enoplometopoidea,
Nephropoidea), Glypheidea, Axiidea, Gebiidea, and Anomura),
109–220. Brill, Leiden.

Eggleston, D. 1971: Synchronization between moulting in Calo-
caris macandreae (Decapoda) and reproduction in its epibiont
Tricella koreni (Polyzoa Ectoprocta). Journal of the Marine Bio-
logical Association of the United Kingdom 51, 409–410.

Ehrlich, P.R. & Raven, P.H. 1964: Butterflies and plants: a study
in coevolution. Evolution 18, 586–608.

194 M. M. Key Jr. & C. E. Schweitzer LETHAIA 53 (2020)

http://www.bryozoa.net/


Ernst, A. 2018: Diversity dynamics of Ordovician Bryozoa.
Lethaia 5, 198–206.

Evans, N. 2018: Molecular phylogenetics of swimming crabs (Por-
tunoidea Rafinesque, 1815) supports a revised family‐level clas-
sification and suggests a single derived origin of symbiotic taxa.
PeerJ 6, e4260.

Feldmann, R.M. 2003a: The Decapoda: New initiatives and novel
approaches. Journal of Paleontology 77, 1021–1039.

Feldmann, R.M. 2003b: Interpreting ecology and physiology of
fossil decapod crustaceans. Contributions to Zoology 72, 111–
117.

Fernandez‐Leborans, G. 2010: Epibiosis in Crustacea: an over-
view. Crustaceana 83, 549–640.

Foote, M. & Miller, A.I. 2007: Principles of Paleontology. Freeman,
New York.

Franţescu, O.D. 2012: Nodosculda fisherorum, new genus and
new species of mantis shrimp (Stomatopoda: Sculdidae) from
the Cretaceous (late Albian) of Texas, USA. Journal of Crus-
tacean Biology 32, 774–779.

Frey, R.C., Beresi, M.S., Evans, D.H., King, A.H. & Percival, I.G.
2004: Nautiloid cephalopods. In Webby, B.D., Paris, F., Droser,
M.L. & Percival, I.G. (eds): The Great Ordovician Biodiversifi-
cation Event, 209–213. Columbia University Press, New York.

Futuyma, D.J. & Slatkin, M. 1983: Coevolution, 555. Sinauer Asso-
ciates Inc, Sunderland.

Gaston, K.J. 2000: Biodiversity: Higher taxon richness. Progress in
Physical Geography 24, 117–127.

Giri, T. & Wicksten, M.K. 2001: Fouling of the caridean shrimp,
Lysmata wurdemanni (Gibbs, 1850) by the barnacle, Balanus
improvisus Darwin, 1854 and other epibionts. Crustaceana 74,
1305–1314.

Glaessner, M.F. 1969: Decapoda. In Moore, R.C. (ed): Treatise on
Invertebrate Paleontology, Part R, Arthropoda 4, volume 2,
400–533. Geological Society of America and University of Kan-
sas Press, Lawrence.

Glaessner, M.F. 1980: New Cretaceous and Tertiary crabs (Crus-
tacea: Brachyura) from Australia and New Zealand. Transac-
tions of the Royal Society of South Australia 104, 171–192.

Gordon, D.P. 2018: Bryozoa: Cheilostomata. Interim classification
for Treatise on Invertebrate Paleontology. Version of 5 July 2018.

Goy, J.W. 2010: Infraorder Stenopodidea Claus, 1872. In Schram,
F.R. & von Vaupel Klein, J.C. (eds): Treatise on Zoology –
Anatomy, Taxonomy, Biology, The Crustacea, 9A (Chapter 65),
215–265. Koninklijke Brill NV, Leiden.

Gracia‐Lázaro, C., Hernández, L., Borge‐Holthoefer, J. & Moreno,
Y. 2018: The joint influence of competition and mutualism on
the biodiversity of mutualistic ecosystems. Scientific Reports 8,
9253.

Gray, N.L., Banta, W.C. & Loeb, G.I. 2002: Aquatic biofouling lar-
vae respond to differences in the mechanical properties of the
surface on which they settle. Biofouling 18, 269–273.

Guinot, D. 2011: Odiomarinae nov. subfam., a new subfamily for
two primitive genera of Hymenosomatidae MacLeay, 1838,
with preliminary remarks on the family (Crustacea, Decapoda,
Brachyura). Zootaxa 2732, 20–32.

Guinot, D. 2012: Remarks on Inachoididae Dana, 1851, with the
description of a new genus and the resurrection of
Stenorhynchinae Dana, 1851, and recognition of the inachid
subfamily Podochelinae Neumann, 1878 (Crustacea, Deca-
poda, Brachyura, Majoidea). Zootaxa 3416, 22–40.

Guinot, D. & Tavares, M. 2001: Une nouvelle famille de crabes du
Crustacés et la notion de Podotremata Guinot, 1977 (Crus-
tacea, Decapoda, Brachyura). Zoosystema 23, 507–546.

Hageman, S.J., Bone, Y., McGowran, B. & James, N.P. 1997: Colo-
nial growth‐forms as paleoenvironmental indicators: evaluation
of methodology. Palaios 12, 405–419.

Hannisdal, B. & Liow, L.H. 2018: Causality from palaeontological
time series. Palaeontology 61, 495–509.

Haug, J.T., Haug, C., Maas, A., Kutschera, V. & Waloszek, D.
2010: Evolution of mantis shrimps (Stomatopoda, Malacos-
traca) in the light of new Mesozoic fossils. BMC Evolutionary
Biology 10, 290.

Hessler, R.R. 1969: Peracarida. In Moore, R.C. (ed): Treatise on
Invertebrate Paleontology, Part R, Arthropoda 4, 360–393. Geo-
logical Society of America and University of Kansas Press,
Lawrence.

Hof, C.H.J. & Briggs, D.E.G. 1997: Decay and mineralization of
mantis shrimps (Stomatopoda; Crustacea); a key to their fossil
record. Palaios 12, 420–438.

Huntley, J.W. & Kowalewski, M. 2007: Strong coupling of preda-
tion intensity and diversity in the Phanerozoic fossil record.
Proceedings of the National Academy of Sciences 104, 15006–
15010.

Hyžný, M., Bruce, N.L. & Schlögl, J. 2013: An appraisal of the fos-
sil record for the Cirolanidae (Malacostraca: Peracarida: Iso-
poda: Cymothoida), with a description of a new cirolanid
isopod crustacean from the early Miocene of the Vienna Basin
(Western Carpathians). Palaeontology 56, 615–630.

Jackson, J.B.C. 1977: Competition on marine hard substrata: the
adaptive significance of solitary and colonial strategies. The
American Naturalist 111, 743–767.

Janzen, D.H. 1966: Coevolution of mutualism between ants and
acacias in Central America. Evolution 20, 249–275.

Janzen, D.H. 1980: When is it coevolution? Evolution 34, 611–
612.

Jernakoff, P., Phillips, B.F. & Fitzpatrick, J.J. 1993: The diet of
post‐puerulus western rock lobster, Panulirus cygnus George,
at Seven Mile Beach, Western Australia. Australian Journal of
Marine and Freshwater Research 44, 649–655.

Jones, W.T., Feldmann, R.M. & Garassino, A. 2014: Three new
isopod species and a new occurrence of the tanaidacean Niveo-
tanais brunnensis Polz, 2005 from the Jurassic Plattenkalk beds
of Monte Fallano, Italy. Journal of Crustacean Biology 34, 739–
753.

Karasawa, H., Schweitzer, C.E. & Feldmann, R.M. 2008: Revision
of the Portunoidea Rafinesque, 1815 (Decapoda: Brachyura)
with emphasis on the fossil genera and families. Journal of
Crustacean Biology 28, 82–127.

Karasawa, H., Schweitzer, C.E. & Feldmann, R.M. 2011: Phyloge-
netic analysis and revised classification of podotrematous Bra-
chyura (Decapoda) including extinct and extant families.
Journal of Crustacean Biology 31, 523–565.

Karasawa, H., Schweitzer, C.E. & Feldmann, R.M. 2013: Phy-
logeny and systematics of extant and extinct lobsters. Journal
of Crustacean Biology 33, 78–123.

Karasawa, H., Schweitzer, C.E., Feldmann, R.M. & Luque, J. 2014:
Systematics and phylogeny of the Raninoida (Crustacea: Bra-
chyura). Journal of Crustacean Biology 34, 216–272.

Key Jr., M.M. & Barnes, D.K.A. 1999: Bryozoan colonization of
the marine isopod Glyptonotus antarcticus at Signy Island,
Antarctica. Polar Biology 21, 48–55.

Key Jr., M.M., Jeffries, W.B. & Voris, H.K. 1995: Epizoic bry-
ozoans, sea snakes, and other nektonic substrates. Bulletin of
Marine Science 56, 462–474.

Key Jr., M.M., Jeffries, W.B., Voris, H.K. & Yang, C.M. 1996a:
Epizoic bryozoans and mobile ephemeral host substrata. In
Gordon, D.P., Smith, A.M. & Grant‐Mackie, J.A. (eds): Bry-
ozoans in Space and Time, 157–165. National Institute of
Water and Atmospheric Research, Wellington, New Zealand.

Key Jr, M.M., Jeffries, W.B., Voris, H.K. & Yang, C.M. 1996b: Epi-
zoic bryozoans, horseshoe crabs, and other mobile benthic sub-
strates. Bulletin of Marine Science 58, 368–384.

Key Jr., M.M., Winston, J.E., Volpe, J.W., Jeffries, W.B. & Voris,
H.K. 1999: Bryozoan fouling of the blue crab, Callinectes sapi-
dus, at Beaufort, North Carolina. Bulletin of Marine Science 64,
513–533.

Key Jr., M.M., Jeffries, W.B., Voris, H.K. & Yang, C.M. 2000: Bry-
ozoan fouling pattern on the horseshoe crab Tachypleus gigas
(Müller) from Singapore. In Herrera Cubilla, A. & Jackson,
J.B.C. (eds): 265–271.

Key Jr., M.M., Schumacher, G.A., Babcock, L.E., Frey, R.C., Heim-
brock, W.P., Felton, S.H., Cooper, D.L., Gibson, W.B., Scheid,
D.G. & Schumacher, S.A. 2010: Paleoecology of commensal
epizoans fouling Flexicalymene (Trilobita) from the Upper

LETHAIA 53 (2020) Arthropod and bryozoan diversity 195



Ordovician, Cincinnati Arch region, USA. Journal of Paleontol-
ogy 84, 1121–1134.

Key Jr., M.M., Knauff, J.B. & Barnes, D.K.A. 2013: Epizoic bry-
ozoans on predatory pycnogonids from the South Orkney
Islands, Antarctica: “If you can't beat them, join them”. In
Ernst, A., Schäfer, P. & Scholz, J. (eds): Bryozoan Studies 2010,
volume 143, 137–153. Lecture Notes in Earth System Sciences.
Springer‐Verlag, Berlin.

Key Jr., M.M., Hyžný, M., Khosravi, E., Hudáčková, N., Robin, N.
& Mirzaie Ataabadi, M. 2017: Bryozoan epibiosis on fossil
crabs: a rare occurrence from the Miocene of Iran. Palaios 32,
491–505.

Kidwell, S.M. 2001: Preservation of species abundance in marine
death assemblages. Science 294, 1091–1094.

Klompmaker, A.A., Schweitzer, C.E., Feldmann, R.M. & Kowa-
lewski, M. 2013: The influence of reefs on the rise of Mesozoic
marine crustaceans. Geology 41, 1179–1182.

Klompmaker, A.A., Schweitzer, C.E., Feldmann, R.M. & Kowa-
lewski, M. 2015: Environmental and scale‐dependent evolu-
tionary trends in the body size of crustaceans. Proceedings of
the Royal Society B 282, 20150440.

Klompmaker, A.A., Portell, R.W. & Frick, M.G. 2017: Compara-
tive experimental taphonomy of eight marine arthropods indi-
cates distinct differences in preservation potential.
Palaeontology 60, 773–794.

Lai, J.C.Y., Mendoza, J.C.E., Guinot, D., Clark, P.F. & Ng, P.K.L.
2011: Xanthidae MacLeay, 1838 (Decapoda: Brachyura: Xan-
thoidea) systematics: a multi‐gene approach with support from
adult and zoeal morphology. Zoologischer Anzeiger 250, 407–
448.

Lamsdell, J.C. 2016: Horseshoe crab phylogeny and independent
colonizations of fresh water: ecological invasion as a driver for
morphological innovation. Palaeontology 59, 181–194.

Lidgard, S. 1986: Ontogeny in animal colonies: a persistent trend
in the bryozoan fossil record. Science 232, 230–232.

Lidgard, S. & Jackson, J.B.C. 1989: Growth in encrusting cheilos-
tome bryozoans: I. evolutionary trends. Paleobiology 15, 255–
282.

Lidgard, S., McKinney, F.K. & Taylor, P.D. 1993: Competition,
clade replacement, and a history of cyclostome and cheilos-
tome bryozoan diversity. Paleobiology 19, 352–371.

Lidgard, S., Carter, M.C., Dick, M.H., Gordon, D.P. & Ostrovsky,
A.N. 2012: Division of labor and recurrent evolution of poly-
morphisms in a group of colonial animals. Evolutionary Ecol-
ogy 26, 233–257.

Lockwood, R. & Chastant, L.R. 2006: Quantifying bias of compo-
sitional fidelity, species richness, abundance in molluscan death
assemblages in Chesapeake Bay. Palaios 21, 376–383.

Lomolino, M.V. 1990: The target area hypothesis: the influence of
island area on immigration rates of non‐volant mammals.
Oikos 57, 297–300.

MacArthur, R.H. & Wilson, E.O. 1967: The Theory of Island Bio-
geography, 203. Princeton University Press, Princeton.

Maguire, E.P., Feldmann, R.M., Jones, W.T., Schweitzer, C.E. &
Casadío, S. 2018: The first fossil isopod from Argentina: a new
species of Cirolanidae (Crustacea: Peracarida) from the
Micoene of Patagonia. Journal of Crustacean Biology 38, 34–44.

Marshall, C.R. 1990: Confidence intervals on stratigraphic ranges.
Paleobiology 16, 1–10.

McKinney, F.K. 1986: Evolution of erect marine bryozoan faunas:
Repeated success of unilaminate species. The American Natu-
ralist 128, 795–809.

McKinney, F.K. 1995: One hundred million years of competitive
interactions between bryozoan clades: asymmetrical but not
escalating. Biological Journal of the Linnean Society 56, 465–
481.

McKinney, F.K. & Jackson, J.B.C. 1989: Bryozoan Evolution, 238.
Unwin Hyman, London.

McKinney, F.K. & Taylor, P.D. 2001: Bryozoan generic extinc-
tions and originations during the last one hundred million
years. Palaeontologia Electronica 4, 1–26.

McLaughlin, P.A., Komai, T., Lemaitre, R. & Rahayu, D.L. 2010a:
Annotated Checklist of anomuran decapod crustaceans of the

world (exclusive of the Kiwaoidea and families Chirostylidae
and Galatheidae of the Galatheoidea) Part I—Lithodoidea,
Lomisoidea and Paguroidea. The Raffles Bulletin of Zoology
Supplement 23, 5–107.

McLaughlin, P.A., Lemaitre, R. & Crandall, K.A. 2010b: Anno-
tated Checklist of anomuran decapod crustaceans of the world
(exclusive of the Kiwaoidea and families Chirostylidae and
Galatheidae of the Galatheoidea) Part III—Aegloidea. The Raf-
fles Bulletin of Zoology Supplement 23, 131–137.

Merta, T. 1980: Arthropod and mollusk traces in the varved clays
of Central Poland. Acta Geologica Polonica 30, 165–172.

Minelli, A., Boxshall, G.A. & Fusco, G. 2013: Arthropod Biology
and Evolution: Molecules, Development, Morphology, 532.
Springer‐Verlag, Berlin.

Naruse, T. & Ng, P.K.L. 2014: A new family, genus and species of
cavernicolous crab (Crustacea: Decapoda: Brachyura: Pseu-
dozioidea) from Christmas Island, Australia. Raffles Bulletin of
Zoology Supplement 30, 263–273.

Nelson, C.S., Hyden, F.M., Keane, S.L., Leask, W.L. & Gordon,
D.P. 1988: Application of bryozoan zoarial growth‐form stud-
ies in facies analysis of non‐tropical carbonate deposits in New
Zealand. Sedimentary Geology 60, 301–322.

Ng, P.K.L., Guinot, D. & Davie, P.J.F. 2008: Systema Brachyuro-
rum: Part I. An annotated checklist of extant brachyuran crabs
of the world. Raffles Bulletin of Zoology Supplement 17, 1–286.

Nitecki, M.H. 1983: Coevolution, 392. University of Chicago
Press, Chicago.

Ortmann, A.E. 1892: Die Abtheilungen Hippidea, Dromiidea und
Oxystomata: die Decapoden‐Krebse des Strassburger Muse-
ums, mit besonderer Berücksichtigung der von Herrn Dr.
Döderlein bei Japan und bei den Liu‐Kiu‐Inseln gesammelten
und z. Z. im Strassburger Museum aufbewahrten Formen. V.
Theil. Zoologische Jahrbücher, (Systematik, Geographie und
Biologie der Thiere) 6, 532–588, pl. 26.

Osawa, M. & McLaughlin, P.A. 2010: Annotated checklist of
anomuran decapod crustaceans of the world (exclusive of the
Kiwaoidea and families Chirostylidae and Galatheidae of the
Galatheoidea) Part II—Porcellanidae. The Raffles Bulletin of
Zoology Supplement 23, 109–129.

Parapar, J., Fernandez, L., Gonzalez‐Gurriaran, E. & Muino, R.
1997: Epibiosis and masking material in the spider crab Maja
squinado (Decapoda: Majidae) in the Ria de Arousa (Galicia,
NW Spain). Cahiers de Biologie Marine 38, 221–234.

Pasch, A.D., Foster, N.R. & Irvine, G.V. 2010: Faunal analysis of
late Pleistocene‐early Holocene invertebrates provides evidence
for paleoenvironments of a Gulf of Alaska shoreline inland of
the present Bering Glacier margin. Geological Society of Amer-
ica Special Paper 462, 251–274.

PBDB 2018: Data downloaded from the Paleobiology Databa-
seAccessed 21 September 2018, https://paleobiodb.org/navi
gator/.

Plotnick, R.E. 1986: Taphonomy of a modern shrimp; implica-
tions for the arthropod fossil record. Palaios 1, 286–293.

Pohowsky, R.A. 1978: The boring ctenostomate Bryozoa: taxon-
omy and paleobiology based on cavities in calcareous substrata.
Bulletins of American Paleontology 73, 1–192.

Poore, G.C.B. & Dworschak, P.C. 2017: Family, generic and spe-
cies synonymies of recently published taxa of ghost shrimps
(Decapoda, Axiidea, Eucalliacidae and Ctenochelidae): caution-
ary tales. Zootaxa 4294, 119–125.

Rathbun, M.J. 1917: New species of South Dakota Cretaceous
crabs. Proceedings of the U.S. National Museum 52, 385–391,
pls. 32, 33.

Raup, D.M. 1979: Biases in the fossil record of species and genera.
Bulletin of the Carnegie Museum of Natural History 13, 85–91.

Robin, N., van Bakel, B.W.M., Pacaud, J.‐M. & Charbonnier, S.
2017: Decapod crustaceans from the Paleocene (Danian) of the
Paris Basin (Vigny stratotype and allied localities) and a limpet
palaeoassociation. Journal of Systematic Palaeontology 15, 1–
17.

Robinson, K. & Clark, R. 2018: Biochemical warfare: the coevolu-
tion of venom and venom resistance among small mammals.
Toxicon 150, 332–333.

196 M. M. Key Jr. & C. E. Schweitzer LETHAIA 53 (2020)

https://paleobiodb.org/navigator/
https://paleobiodb.org/navigator/


Ross, D.M. 1983: Symbiotic relations. In Bliss, D.E. (ed): The Biol-
ogy of Crustacea, volume 7, 163–212. Academic Press, New
York.

Rosser, N. 2017: Shortcuts in biodiversity research: What deter-
mines the performance of higher taxa as surrogates for species?
Ecology and Evolution 7, 2595–2603.

Schejter, L., Escolar, M. & Bremec, C. 2011: Variability in epibiont
colonization of shells of Fusitriton magellanicus (Gastropoda)
on the Argentinean shelf. Journal of the Marine Biological Asso-
ciation of the United Kingdom 91, 897–906.

Schram, F.R., Ahyong, S.T., Patek, S.N., Green, P.A., Rosario,
M.V., Bok, M.J., Cronin, T.W., Mead Vetter, K.S., Caldwell,
R.L., Scholtz, G., Feller, K.D. & Abelló, P. 2013: Subclass
Hoplocarida Calman, 1904: Order Stomatopoda Latreille, 1817.
In von Vaupel Klein, J.C., Charmantier‐Daures, M. & Schram,
F.R. (eds): Treatise on Zoology, The Crustacea, 4 (part A), 179–
355. Brill, Leiden.

Schweitzer, C.E. & Feldmann, R.M. 2010: The Decapoda (Crus-
tacea) as predators on Mollusca over geologic time. Palaios 25,
167–182.

Schweitzer, C.E. & Feldmann, R.M. 2014: Lobster (Crustacea:
Decapoda) diversity and evolutionary patterns through time.
Journal of Crustacean Biology 34, 820–847.

Schweitzer, C.E. & Feldmann, R.M. 2015: Faunal turnover and
niche stability in marine Decapoda in the Phanerozoic. Journal
of Crustacean Biology 35, 633–649.

Schweitzer, C.E. & Feldmann, R.M. 2016: Species of Decapoda
(Crustacea) in the fossil record: patterns, problems, and pro-
gress. In Allmon, W.D. & Yacobucci, M.M. (eds): Species and
Speciation in the Fossil Record, 278–300. University of Chicago
Press, Chicago.

Schweitzer, C.E., Feldmann, R.M., Garassino, A., Karasawa, H. &
Schweigert, G. 2010: Systematic list of fossil decapod crus-
tacean species. Crustaceana Monographs 10, 1–222.

Schweitzer, C.E., Karasawa, H., Luque, J. & Feldmann, R.M. 2016:
Phylogeny and classification of Necrocarcinoidea Förster, 1968
(Brachyura: Raninoida) with the description of two new gen-
era. Journal of Crustacean Biology 36, 338–372.

Sepkoski Jr., J.J. 1981: A factor analytic description of the
Phanerozoic marine fossil record. Paleobiology 7, 36–53.

Sepkoski Jr., J.J. 1984: A kinetic model of Phanerozoic taxonomic
diversity. III. Post‐Paleozoic families and mass extinctions.
Paleobiology 10, 246–267.

Sepkoski Jr., J.J. 2000: Crustacean biodiversity through the marine
fossil record. Contributions to Zoology 69, 213–222.

Sepkoski Jr., J.J., McKinney, F.K. & Lidgard, S. 2000: Competitive
displacement among post‐Paleozoic cyclostome and cheilos-
tome bryozoans. Paleobiology 26, 7–18.

Skinner, D.M. 1985: Molting and regeneration. In Bliss, D.E. &
Mantel, L.H. (eds): The Biology of Crustacea, Volume 9: Integu-
ment, Pigments, and Hormonal Processes, 43–146. Academic
Press, Orlando.

Smith, A.M. & Nelson, C.S. 1994: Calcification rates of rapidly‐
colonizing bryozoans in Hauraki Gulf, northern New Zealand.
New Zealand Journal of Marine and Freshwater Research 28,
227–234.

Smith, A.M., Nelson, C.S. & Spencer, H.G. 1998: Skeletal carbon-
ate mineralogy of New Zealand bryozoans. Marine Geology
151, 27–46.

Spiridinov, V.A., Neretina, T.V. & Schepetov, D. 2014: Morpho-
logical characterization and molecular phylogeny of Por-
tunoidea Rafinesque, 1815 (Crustacea Brachyura): implications
for understanding evolution of swimming capacity and revi-
sion of the family‐level classification. Zoologischer Anzeiger
253, 404–429.

Stachowicz, J.J. & Hay, M.E. 2000: Geographic variation in cam-
ouflage specialization by a decorator crab. American Naturalist
156, 59–71.

Stanley, S.M. 1977: Trends, rates and patterns of evolution of
Bivalvia. In Hallam, A. (ed): Patterns of Evolution, as Illustrated
by the Fossil Record, 209–250. Elsevier, Amsterdam,The
Netherlands.

Stracey, C.M. & Pimm, S.L. 2009: Testing island biogeography
theory with visitation rates of birds to British islands. Journal
of Biogeography 36, 1532–1539.

Swift, D.J. 1992: The accumulation of plutonium by the European
lobster (Homarus gammarus L.). Journal of Environmental
Radioactivity 16, 1–24.

Tashman, J.N., Feldmann, R.M., Schweitzer, C.E. & Thiel, B.A.
2018: Inferences for grooming behavior drawn from epibionts
on early to middle Cenozoic crabs of Oregon and Washington
state, USA. Bulletin of the Mizunami Fossil Museum 44, 9–22.

Tavares, C. & Martin, J.W. 2010: Suborder Dendrobranchiata
Bate, 1888. In Schram, F.R. & von Vaupel Klein, J.C. (eds):
Treatise on Zoology – Anatomy, Taxonomy, Biology, The Crus-
tacea, 9A, 99–164. Koninklijke Brill NV, Leiden.

Taylor, P.D. 1979: Palaeoecology of the encrusting epifauna of
some British Jurassic bivalves. Palaeogeography, Palaeoclima-
tology, Palaeoecology 28, 241–262.

Taylor, P.D. 1988: Major radiation of cheilostome bryozoans:
Trigger by the evolution of a new larval type? Historical Biology
1, 45–64.

Taylor, P.D. 1990: Preservation of soft‐bodied and other organ-
isms by bioimmuration: a review. Palaeontology 33, 1–17.

Taylor, P.D. 1993: Bryozoa. In Benton, M.J. (ed): The Fossil
Record 2, 465–489. Chapman and Hall, London.

Taylor, P.D. 1994: Evolutionary palaeoecology of symbioses
between bryozoans and hermit crabs. Historical Biology 9, 157–
205.

Taylor, P.D. 2001: Preliminary systematics and diversity patterns
of cyclostome bryozoans from the Neogene of the Central
American Isthmus. Journal of Paleontology 75, 578–589.

Taylor, P.D. 2016: Competition between encrusters on marine
hard substrates and its fossil record. Palaeontology 59, 481–
497.

Taylor, P.D. & Ernst, A. 2004: Bryozoans. Trilobites. In Webby,
B.D., Paris, F., Droser, M.L. & Percival, I.G. (eds): The Great
Ordovician Biodiversification Event, 147–156. Columbia
University Press, New York.

Taylor, P.D. & Waeschenbach, A. 2015: Phylogeny and diversifi-
cation of bryozoans. Palaeontology 58, 585–599.

Taylor, P.D. & Wilson, M.A. 2002: A new terminology for marine
organisms inhabiting hard substrates. Palaios 17, 522–525.

Taylor, P.D. & Wilson, M.A. 2003: Palaeoecology and evolution
of marine hard substrate communities. Earth Science Reviews
62, 1–103.

Taylor, P.D., Schembri, P.J. & Cook, P.L. 1989: Symbiotic associa-
tions between hermit crabs and bryozoans from the Otago
region, southeastern New Zealand. Journal of Natural History
23, 1059–1085.

Taylor, P.D., Wilson, M.A. & Bromley, R.G. 1999: A new ichno-
genus for etchings made by cheilostome bryozoans into cal-
careous substrates. Palaeontology 42, 595–604.

Taylor, P.D., James, N.P., Bone, Y., Kuklinski, P. & Kyser, T.K.
2009: Evolving mineralogy of cheilostome bryozoans. Palaios
24, 440–452.

Taylor, P.D., Dick, M.H., Clements, D. & Mawatari, S.F. 2012: A
diverse bryozoan fauna from Pleistocene marine gravels at
Kuromatsunai, Hokkaido, Japan. In Ernst, A., Schäfer, P. &
Scholz, J. (eds): Bryozoan Studies 2010, Lecture Notes in Earth
System Sciences, 367–383. Springer‐Verlag, Berlin.

Taylor, P.D., Wilson, M.A. & Bromley, R.G. 2013: Finichnus, a
new name for the ichnogenus Leptichnus Taylor, Wilson and
Bromley, 1999, preoccupied by Leptichnus Simroth, 1896 (Mol-
lusca, Gastropoda). Palaeontology 56, 456.

Theil, E.P., Cuesta, J.A. & Felder, D.L. 2016: Molecular evidence
for non‐monophyly of the pinnotheroid crabs (Crustacea: Bra-
chyura: Pinnotheroidea), warranting taxonomic reappraisal.
Invertebrate Systematics 30, 1–27.

Thoma, B.P., Guinot, D. & Felder, D.L. 2014: Evolutionary rela-
tionships among American mud crabs (Crustacea: Decapoda:
Brachyura: Xanthoidea) inferred from nuclear and mitochon-
drial markers, with comments on adult morphology. Zoological
Journal of the Linnean Society 170, 86–109.

LETHAIA 53 (2020) Arthropod and bryozoan diversity 197



Tudge, C.C., Asakura, A. & Ahyong, S.T. 2012: Infraorder Ano-
mura MacLeay, 1838. In Schram, F.R. & von Vaupel Klein, J.C.
(eds): The Crustacea, 9B (Eucarida: Decapoda: Astacidea P.P.
(Enoplometopoidea, Nephropoidea), Glypheidea, Axiidea, Gebi-
idea, and Anomura), 221–333. Brill, Leiden.

Van Der Wal, C., Ahyong, S.T., Ho, S.Y.W. & Lo, N. 2017: The
evolutionary history of Stomatopoda (Crustacea: Malacostraca)
inferred from molecular data. PeerJ 5, e3844.

Vermeij, G.J. 1977: The Mesozoic marine revolution: Evidence
from snails, predators and grazers. Paleobiology 3, 245–258.

Wahl, M. 1989: Marine epibiosis. 1. Fouling and antifouling ‐
some basic aspects. Marine Ecology Progress Series 58, 175–189.

Wahl, M. 2009: Epibiosis: Ecology, effects and defenses. In Wahl,
M. (ed): Marine Hard Bottom Communities: Patterns, Dynam-
ics, Diversity, and Change, Ecological Studies 206, 61–72.
Springer‐Verlag, Berlin.

Ward, M.A. & Thorpe, J.P. 1991: Distribution of encrusting bry-
ozoans and other epifauna on the subtidal bivalve Chlamys
opercularis. Marine Biology 110, 253–259.

Waugh, D.A., Feldmann, R.M., Crawford, R.S., Jakobsen, S.L. &
Thomas, K.B. 2004: Epibiont preservational and observational
bias in fossil marine decapods. Journal of Paleontology 78, 961–
972.

Webby, B.D., Droser, M.L., Paris, F. & Percival, I.G. 2004: The
Great Ordovician Biodiversification Event. Columbia University
Press, New York.

Wicksten, M.K. 1979: Decorating behavior in Loxorhynchus
crispatus and Loxorhynchus grandis Stimpson (Brachyura,
Majidae). Crustaceana Supplement 5, 37–46.

Wicksten, M.K. 1993: A review and a model of decorating behav-
ior in spider crabs (Decapoda, Brachyura, Majidae). Crus-
taceana 64, 314–325.

Wicksten, M.K. 2010: Infraorder Caridea Dana, 1852. In Schram,
F.R. & von Vaupel Klein, J.C. (eds): Treatise on Zoology ‐ Anat-
omy, Taxonomy, Biology, The Crustacea, 9A, 165–206. Konin-
klijke Brill NV, Leiden.

Wieder, R.W. & Feldmann, R.M. 1992: Mesozoic and Cenozoic
fossil isopods of North America. Journal of Paleontology 66,
958–972.

Wilson, M.A. & Palmer, T.J. 1992: Hardgrounds and hardground
faunas. University of Wales, Aberystwyth, Institute of Earth
Studies Publications 9, 1–131.

Windsor, A.M. & Felder, D.L. 2014: Molecular phylogenetics and
taxonomic reanalysis of the family Mithracidae MacLeay (Dec-
apoda: Brachyura: Majoidea). Invertebrate Systematics 28, 145–
173.

Wolcott, T.G. & Hines, A.H. 1990: Ultrasonic telemetry of small‐
scale movements and microhabitat selection by molting blue
crabs (Callinectes sapidus). Bulletin of Marine Science 46, 83–94.

WoRMS 2018: World Register of Marine Species. Accessed 8
August 2018, www.marinespecies.org

Wyse Jackson, P.N. & Key Jr., M.M. 2014: Epizoic bryozoans on
cephalopods through the Phanerozoic: a review. Studi Triden-
tini di Scienze Naturali 94, 283–291.

Wyse Jackson, P.N., Key Jr., M.M. & Coakley, S.P. 2014: Epi-
zoozoan trepostome bryozoans on nautiloids from the Late
Ordovician (Katian) of the Cincinnati Arch region, U.S.A.: an
assessment of growth, form and water flow dynamics. Journal
of Paleontology 88, 475–487.

Supporting Information

Additional supporting information may be found
online in the Supporting Information section at the
end of the article.

Table S1. Post‐Palaeozoic family‐level diversity of
main groups of motile marine arthropods and sessile
marine bryozoans used in Figs 1, 3, 4 and 5 of this
study.

Table S2. Post‐Palaeozoic family‐level diversity per
million years of main groups of motile marine
arthropods and sessile marine bryozoans used in
Fig. 2 of this study.

Table S3. Post‐Palaeozoic family‐level diversity per
million years using first differences of main groups of
motile marine arthropods and sessile marine bry-
ozoans.

Table S4. Post‐Palaeozoic family‐level diversity per
million years of main groups of molluscs and sessile
marine bryozoans used in Fig. 6 of this study.

Table S5. Post‐Palaeozoic family‐level diversity per
million years using first differences of main groups of
molluscs and sessile marine bryozoans.

198 M. M. Key Jr. & C. E. Schweitzer LETHAIA 53 (2020)

http://www.marinespecies.org

