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(Cretaceous-Cenozoic) Zoophycos radiation established by Zhang et al. 
(2015b). 

6.2. Lobed Zoophycos as a product of terrestrialization 

The two Golden Ages of lobed Zoophycos (Carboniferous-Permian 
and Cretaceous-Neogene) are both linked with changes in nutrient dy-
namics. The widespread appearance of lobed Zoophycos is contempo-
raneous with the oceanographic changes that have occurred during the 
Middle Jurassic, when deep-sea bottom nutrient conditions were greatly 
improved by increased particulate organic carbon and dissolved organic 
carbon derived from surface plankton bloom (Zhang et al., 2015b). It 
should be noted that this event was followed by a major radiation of land 
plants in the Cretaceous, which also increased the supply of nutrients to 
the oceans (Allmon and Martin, 2014). The increased shelf areas and 
plankton blooms was hypothesized to have driven the high occurrence 
frequencies of Zoophycos in the Cretaceous–Cenozoic (Zhang et al., 
2015b). 

Another profound change in nutrient cycling begun with the Palae-
ozoic origin of wood in plants, permanently shifting the distribution of 
active carbon species within the global carbon cycle by the end of the 
Mississippian (Strother et al., 2010). This phase of the terrestrialization 
process has its roots in the Devonian (Givetian-Frasinian), with the rise of 
lignophytes (Strother et al., 2010; Kenrick et al., 2012). Large trees with 
well-developed rooting systems are unlikely to predate the Middle 
Devonian (Kenrick et al., 2012). Intriguingly, the earliest documented 
lobed Zoophycos dates back to the Givetian (Miller, 1979). The Devonian 
radiation of lobed Zoophycos coincides with the first Zoophycos radia-
tion, which was linked to the rise of deep-rooted plants (Zhang et al., 
2015b). Before of the major intervals of diversification of land plants 
(Devonian expansion of land plants and the Cretaceous expansion of 
angiosperms), the supply of nutrients to the oceans by terrestrial runoff 
was lower than it was afterward (Allmon and Martin, 2014). 

Contemporaneous events do not necessarily mean causality; there-fore, 
a question might arise: How can nutrient enrichment favor the 
evolution of lobed Zoophycos? The answer is provided by the U-shaped 
marginal tube of Zoophycos, which represents an efficient adaptation to 
dwell into nutrient-rich but oxygen-poor substrates. Specifically, the 
increased input of nutrients to coastal areas has been suggested as an 
important contributor to declining trends in bottom water oxygen con-
centrations (Diaz and Rosenberg, 1995). Indeed, there is a known 
interaction between supply of nutrients, primary production, sedimen-
tation and oxygen consumption (Rydberg et al., 1990). Consequently, 
from a macroevolutionary perspective, any global increase in seawater 
nutrients is expected to favor biological adaptations to cope with low- 
oxygen substrates. Among such adaptations, U-shaped burrows allow to 
efficiently induce the flow of oxygenated seawater within the sub-strate 
(Bromley, 1996). For this reason, Zoophycos with U-shaped tun-nels are 
linked with poorly oxygenated conditions, whereas Zoophycos with J-
shaped tunnels, connected with only one opening to the seafloor, was 
taken to suggest a well-oxygenated setting (Wetzel and Werner, 1981; 
Gong et al., 2008). A decline in the absolute (Fig. 7B) number of lobed 
Zoophycos is observed in the Triassic. This decline in lobed Zoo-phycos is 
plausibly explained by the effects of the end-Permian extinction on 
biodiversity and nutrient dynamics. In fact, the aridity of the Late 
Permian climate, the collapse of the peat mire ecosystem at the 
Permian-Triassic boundary and the protracted arid conditions during 
the Early Triassic reduced the terrigenous influx of nutrients into the 
ocean (Zharkov and Chumakov, 2001; Michaelsen, 2002; Benton and 
Newell, 2014). 

The two Golden Ages of lobed Zoophycos occur in different envi-
ronmental settings. The Yukon River Zoophycos well exemplifies this 
phenomenon, since its shoreface setting differs from the typical deep-sea 
environment of the Mesozoic and Cenozoic lobed specimens. Lobed 
forms of Zoophycos have a bathymetric range spanning from the lower 
shelf-slope in the Mesozoic to the bathyal realm in the Cenozoic. In 

Fig. 7. Lobed Zoophycos through time. Data are binned by geologic periods. 
The source dataset is the Phanerozoic Zoophycos database of Zhang et al. 
(2015b). Sites with no information on the basic morphology of Zoophycos have 
been filtered out from the dataset. The dataset has been implemented by in-
formation on the Yukon River Zoophycos and two additional Zoophycos-bearing 
sites (Baucon and Carvalho, 2008; Baucon et al., 2015). (A) Lobed Zoophycos 
ratio. The y axis represents the ratio between the number of sites with lobed 
Zoophycos and the total number of sites with Zoophycos. (B) Number of sites 
with lobed Zoophycos. 

Carboniferous-Permian and (2) Cretaceous-Neogene. Overall, lobed 
specimens were much commoner in the second interval than during 
Palaeozoic times (Fig. 7A). It should be noted that the first (Palaeozoic) 
Golden Age of lobed Zoophycos is preceded by the first (Devonian) ra-
diation of Zoophycos, which was previously established by Zhang et al. 
(2015b). The second Golden Age partially coincides with the last 








