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The disappearance of the soft-bodied Ediacara biota at the
Ediacaran-Cambrian boundary potentially represents the
earliest mass extinction of complex life, although the precise
driver(s) of this extinction remain unresolved. The ‘biotic
replacement” model proposes that an evolutionary radiation
of metazoan ecosystem engineers in the latest Ediacaran
profoundly altered marine palaeoenvironments, resulting in the
extinction of Ediacara biota and setting the stage for the
subsequent Cambrian Explosion. However, metazoan ecosystem
engineering across the Ediacaran-Cambrian transition has
yet to be quantified. Here, we test this key tenet of the biotic
replacement model by characterizing the intensity of metazoan
bioturbation and ecosystem engineering in trace fossil
assemblages throughout the latest Ediacaran Nama Group in
southern Namibia. The results illustrate a dramatic increase in
both bioturbation and ecosystem engineering intensity in the
latest Ediacaran, prior to the Cambrian boundary. Moreover,
our analyses demonstrate that the highest-impact ecosystem
engineering behaviours were present well before the onset of
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the Cambrian. These data provide the first support for a fundamental prediction of the biotic
replacement model, and evidence for a direct link between the early evolution of ecosystem
engineering and the extinction of the Ediacara biota.

1. Introduction

The terminal Neoproterozoic Ediacaran Period (635-539 Ma; [1,2]) represents a critical interval in Earth
history, marking the first appearance of ecosystems dominated by complex eukaryotic, soft-bodied
macroscopic organisms (colloquially referred to as the ‘Ediacara biota’). The taxonomic affinities of the
soft-bodied Ediacara biota have been much debated, although recent work suggests they represent a
mixture of stem- and crown-group animals, as well as extinct clades with no modern representatives
[3-7]. After approximately 30 Myr of ecological dominance, the overwhelming majority of soft-bodied
Ediacaran groups (sometimes defined within clades—see [8,9]; although, see [10]) decline in the latest
Ediacaran Nama interval and disappear entirely at the Ediacaran-Cambrian boundary, potentially
representing the first mass extinction of complex life [6,11-15]. Establishing the drivers of this
extinction is thus key to understanding the origins of the modern, animal-dominated biosphere.

Three major models have been proposed to explain the disappearance of the Ediacara biota: (i) a
‘catastrophe’ model, which proposes a global-scale environmental perturbation analogous to the ‘Big 5’
Phanerozoic mass extinctions (e.g. [11]), (i) a ‘biotic replacement’ model, which proposes that the
extinction was the result of intensifying ecosystem engineering from emerging Cambrian-type metazoan
fauna [12], and (iii) a ‘Cheshire Cat’ model, which proposes that the disappearance of the Ediacara biota
is instead due to a taphomoic bias from the loss of non-actualistic preservational environments related to
the microbial matgrounds [12]. Whereas the ‘Cheshire Cat’ model has been refuted by work showing
that Ediacaran-style matgrounds persisted into the Cambrian [16], the ‘catastrophe’ and ‘biotic
replacement’ models both possess supporting lines of evidence and critical questions that remain to be
addressed (summarized in [6,15]). Taken globally, there appears to be a transition in assemblage
composition between the Ediacaran and the Cambrian [17], though the influence of potential
environmental and taphonomic signals, as well as potential diachroneity in the first and last appearances
of particular fossil groups, remains to be constrained.

Supporting the ‘catastrophe’ model, the Shuram and Basal Cambrian Isotope Excursion (BACE) negative
8"°C excursions potentially represent major perturbations to the global carbon cycle [18], may coincide with
pulses of extinction [11,19,20], and could reflect a variety of possible kill mechanisms. However, there are still
broad uncertainties surrounding the timing, synchroneity and mechanisms responsible for both excursions
[21], and thus neither can yet be convincingly linked to putative Ediacaran extinction events [6]. Supporting
‘biotic replacement’, the latest Ediacaran records an increase in the diversity of metazoan trace and body
fossils [22-27] and low diversity of soft-bodied Ediacara biota, potentially representing ecologically
stressed communites [13,28,29]. However, a key prediction of this model—that there was an increase in
ecosystem engineering impact (EEI) during the latest Ediacaran—has not been tested.

Bioturbation is a crucial ecosystem engineering behaviour in modern marine environments, affecting
the oxygenation of the water column [30,31], pore water redox chemistry [32,33], sediment stability [34]
and the cycling of marine nutrients [35,36], but different types of trace fossils and burrowing behaviours
have varying effects on these processes depending on how the trace maker interacted with the sediment
[37-39]. Here, we perform the first robust test of a key tenet of the ‘biotic replacement’ model by
quantifying the intensity of metazoan bioturbation and characterizing ecosystem engineering in trace
fossil assemblages from the Ediacaran to Cambrian-aged Nama Group of southern Namibia. These
data both provide a test for a key tenet of the ‘biotic replacement’ model for the extinction of the
Ediacara biota and help to establish plausible extinction drivers in a ‘biotic replacement’ scenario.

1.1. Geologic setting

The Nama Group (figure 1) records a greater than 3000 m thick mixed siliciclastic-carbonate succession,
deposited into a foreland basin related to convergence along the Damara and Gariep deformational belts
[43-45]. The Nama Group is divided into two sub-basins—the northern Zaris Sub-basin and southern
Witputs Sub-basin—which are separated by a palaeo-topographic high. Both basins are subdivided
into three subgroups: (in ascending stratigraphic order) the Kuibis, the Schwarzrand and the Fish
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Figure 1. Map of Nama Group as it outcrops in southern and central Namibia, southwest Africa, with composite stratigraphy of the
Kuibis, Schwarzrand and Fish River Subgroups in the Zaris (ZB) and Witputs (WB) Sub-basins. Erosional unconformity between the
Spitzkop and Nomtsas in the Witputs Sub-basin indicated by waved line between the two members. Red circles indicate localities
where trace fossil slabs were collected. Composite stratigraphy adapted from Blanco et al. [40]. Ash bed dates from (1) Schmitz [41],
(2) Narbonne et al. [42] and (3) Linnemann et al. [2].

River (figure 1). However, precise stratigraphic correlation of subgroups between the two basins is still
debated.

In the Witputs Sub-basin, the uppermost valley infill Nomtsas Formation is recognized as
Cambrian based on abundant Treptichnus pedum [46] and has been dated using U-Pb geochronology
at 538.58 + 0.19 Ma [2]. The underlying Spitzkop Member preserves soft-bodied Ediacara biota as well
as Cloudina and Namacalthus and are thus interpreted to be latest Ediacaran in age [41,42]. The
Ediacaran—Cambrian boundary in the Witputs Sub-basin is therefore placed at the erosive
unconformity where the base of the Nomtsas Formation cuts down into the Spitzkop Member [43,45].
We note that Linnemann et al. [2] instead place the boundary near the top of the Spitzkop Member at
Farm Swartpunt, however, given that this stratigraphic placement relies on the identification of
T. pedum in this section (something which has not been recorded by previous workers), and comes
below carbonates containing the skeletonized taxa Cloudina and Namacalathus, in this study, we follow
Saylor et al. [45] and Germs [43] in placing the boundary at the unconformity. Ash beds from below
the last occurrence of the soft-bodied biota have recently been dated at between 540.095 +0.099 Ma
and 538.99 +0.21 Ma [2]. These new dates place the Ediacaran-Cambrian boundary at 539-538 Ma,
depending on which stratigraphic placement is used ([2], their fig. 1).

In the Zaris Sub-basin, a precise stratigraphic location of the Ediacaran-Cambrian boundary has not been
determined; an ash bed from the Hoogland Member (Kuibis Subgroup) in the vicinity of the Zebra River
Lodge yields a U-Pb zircon age of 547.32+0.65Ma [41], while the overlying Fish River Subgroup
contains T. pedum [47]. However, both the disappearance of Cloudina in the Urusis Formation [43] and the
presence of the tubular taxon Shaanxilithes and Aspidella in the lower Schwarzrand Subgroup [25] suggest
that the Ediacaran-Cambrian boundary probably occurs somewhere in the upper Schwarzrand Subgroup.

2. Methods

A total of 57 trace fossil slabs were collected from 12 separate sites across both the Zaris and Witputs Sub-
basins, spanning Ediacaran through earliest Cambrian stratigraphy. These slabs typically preserved
between tens to hundreds of individual trace fossils. In the Zaris Sub-basin, slabs were collected from five
localities in the Niederhagen and Vingerbreek Members and Urusis Formation, while in the Witputs Sub-
basin, slabs were collected from seven localities in the Kliphoek, Nasep and Spitzkop Members and the
Nomtsas Formation (electronic supplementary material, table S2; figure 1). The trace fossil assemblages
collected from near the top of the Spitzkop Member on Farm Swartpunt were sourced from siliciclastic
horizons stratigraphically below the Ediacaran-Cambrian boundary inferred by Linnemann et al. [2], itself
below the unconformity that is more typically interpreted as the boundary [45], and so are unambiguously
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Ediacaran, rather than Cambrian in age. Trace fossils on each slab were systematically assessed for biogenicity
on the basis of evidence for sediment displacement, consistency of burrow diameter, the absence of frayed
and angular burrow terminations and the absence of angled corners (following [48]). Selected slabs were
cut and polished to examine putative trace fossils in cross-section. Once the biogenicity of trace fossils was
established, ichnotaxa were identified using previous summaries of Ediacaran trace fossils (e.g. [24,49]).

Bioturbation intensity was quantified by digitally point-counting trace fossils on slabs, using 10 x 10 cm
grids which were superimposed in Adobe Photoshop. Bedding-plane bioturbation percentage was
calculated by dividing the number of point-counts by the total number of grid-intersection points (see
[50,51]). For slabs larger than 100 cm?, multiple grids were randomly placed until the majority of the slab
was covered, and an average value was taken from all of the grids. For slabs smaller than 100 cm?, only
those as large as an estimated 75% of the grid size were point-counted (1 =51 slabs). If a slab contained
trace fossils on multiple exposed bedding planes, each bedding plane was counted separately. We use
this point-counting method in conjunction with the bedding-plane bioturbation index (BPBI) method [52].

The ecosystem engineering impact (EEI) of trace fossil assemblages was characterized in two ways. First,
we applied the ‘EEI’ indices of Herringshaw et al. [37] to each ichnotaxon found on each slab. This method
represents a functional bioturbation analysis which provides a measure of ecosystem engineering intensity
on the basis of burrow depth, functional group and bioirrigation potential. Second, we used the ecosystem
engineering cube method developed by Minter et al. [38]; this method focuses on the number of types of
ichnological impacts on the sediment by assigning tiering, sediment interaction mechanisms and
sediment modification modes. Where the Herringshaw et al. [37] EEI method helps characterize the
intensity of ecosystem engineering represented by each ichnotaxon, the Minter ef al. [38] cube method
helps characterize the different types of ecosystem engineering behaviours present in trace fossil
assemblages. We note that a limitation to the EEI method is a spatial overlap (e.g. the surficial tier and
surficial modifiers) and impossible combinations (e.g. the deep tier and epifaunal locomotion) between
tiering and functional group [38]. However, these limitations were addressed and are accounted for in
Minter et al’s [38] ecosystem engineering cube scheme. Functional group, sediment interaction and
sediment modification assignments were given based on supplementary material from Minter ef al. [38]
and additional literature describing the behaviour of Ediacaran and early Cambrian trace fossils (e.g.
[23]). Bioturbation percentage and both ecosystem engineering methods results were grouped from the
corresponding stratigraphic member in each sub-basin. Bioturbation percentage is given as a distribution
of values of each member, and EEI values are given as the range between the absolute minimum and
maximum values of all of the ichnogenera found on slabs in the member.
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3. Results

3.1. Trace fossil occurrences

Our dataset records a total of six different ichnotaxa from the Ediacaran and earliest Cambrian portions
of the Zaris and Witputs Sub-basins (figure 2): Helminthopsis, Helminthoidichnites, Bergaueria,
Parapsammichnites, Treptichnus and plug-shaped burrows (for descriptions and localities of trace fossils,
see electronic supplementary material, S1 and table S2). Trace fossils broadly interpreted as plug-
shaped burrows can be classified as either Conichnus or Bergaueria when cut open. However, due to
the inability to distinguish the two ichnogenera on the bedding plane alone when slabs were not able
to be cut open (and, although we did not observe this in samples which were cut and polished, some
plug-shaped burrows may be poorly preserved Treptichnus; see [53]), we group the ichnotaxa together.
Surfaces bearing trace fossils are more abundant in the Witputs Sub-basin than in the Zaris Sub-basin,
resulting in a large difference in the number of trace fossil slabs analysed from each.

Trace fossil slabs (1 = 13) from the Zaris Sub-basin were collected from the Niederhagen, Vingerbreek and
Urusis Members. Only two ichnotaxa occur on trace fossil slabs: plug-shaped burrows and Helminthoidichnites
(electronic supplementary material, table S2; figure 3a). Trace fossil slabs (1 = 50) from the Witputs Sub-basin
were collected from the Kliphoek, Nasep, Spitzkop and Nomtsas Members. All six ichnotaxa occur in the
Witputs Sub-basin (occurrences are detailed in electronic supplementary material, table S2; figure 3b).

3.2. Bioturbation intensity

All slabs in the Zaris Sub-basin yield low bedding-plane bioturbation intensity (BPBI=2). The mean
bedding-plane bioturbation in the Niederhagen Member is 1.08% (n=1) (electronic supplementary



Figure 2. Examples of trace fossils which occur in the Nama Group. (a) Helminthoidichnites from the Canyon Roadhouse locality. Sample
2017-CR-1.06. (b) Helminthapsis from the Farm Arimas locality. Sample 2017-AR-1.04. (c) Helminthoidichnites from the Farm Swartpunt
locality. Sample TB-16-SP-1.16. (d) Planolites from the Farm Swartpunt locality. Sample TB-16-SP-1.10. (e) Plug-shaped burrows from
the Camp Koelkrans locality. Sample 17-FR-2.3. (f) Conichnus from the Haruchas locality. Note apparent burrow pairing and MISS
texture in the upper left comer of the photograph. Sample 2016-HH-1.2. (g) Plug-shaped burrows from the Spider Ridge locality.
Sample 2016-KK-1.4. (h) Parapsammichnites from the Camp Koelkrans locality. Sample 17-FR-CK-2. (i) Treptichnid-type trace from
the Canyon Roadhouse locality. Sample 2017-(R-1.33. () Treptichnus from the Farm Swartpunt locality. Sample TB-16-SP-1.5. (k)
Treptichnus from the Camp Koelkrans locality. Sample 17-FR-1.01. (/) T. pedum from the Farm Sontaagsbrun locality. Sample 2016-
SB-2.31. Detailed descriptions of each trace fossil are given in electronic supplementary material, S1. Scale bars are all 1 cm.

material, table S4; figure 34). Bioturbation increases in the Vingerbreek Member to a mean value of 1.24% (1 =
9) and increases again into the Urusis at 2.83% (1 = 1) (electronic supplementary material, table S4; figure 3a).

In the Witputs Sub-basin, bedding-plane bioturbation intensity gradually increases towards the
Cambrian boundary. The mean percentage value for the Kliphoek Member is 1.94% (n=6), which
increases gradually in the Nasep Member to a mean value of 3.34% (1 =10) and increases again in the
Spitzkop Member to a mean value of 5.61% (1 =18) (electronic supplementary material, S4; figure 3b).
There is a larger shift into the Cambrian Nomtsas Formation to a mean percentage value of 16.0% (12 =>5)
(electronic supplementary material, table S4; figure 3b). Trace fossil slabs yield BPBI values of only 2 in
the Kliphoek and Nasep Members. The majority (1 =15) of trace fossil slabs in the Spitzkop Members
yield BPBI =2, and the remaining three slabs yield BPBI = 3. In the Nomtsas Formation, only one slab
yields BPBI=2, while the rest (1 =4) record higher bioturbation (BPBI=3) (electronic supplementary
material, table S4).

3.3. Ecosystem engineering

In the Zaris Sub-basin, EEI values from the Niederhagen and Vingerbreek Members yield a small range
of EEI values between 5 and 7 due to the sole presence of plug-shaped burrows (figure 3a; for EEI
assignments, see electronic supplementary material, S5). In the upper Urusis Formation, where
Helminthoidichnites occurs, EEI values decrease in value to EEI=3-4 (electronic supplementary
material, S2; figure 3a). The Zaris ecosystem engineering cubes (figure 4) show that in both the
Niederhagen and Vingerbreek Members, only the semi-infaunal compression/gallery biodiffusion
cube is occupied by plug-shaped burrows (electronic supplementary material, S6; figure 4a). In the
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Figure 3. Resulting violin plots of point-counted bedding-plane bioturbation percentages, range of EEl values and relative
abundance of each trace fossil for the Nama Group. (a) Results for the Zaris Sub-basin (from bottom to top) Niederhagen
Member, Vingerbreek Member and Urusis Formation. (b) Results for the Witputs Sub-basin (from bottom to top) Kliphoek
Member, Nasep Member, Spitzkop Member and Nomtsas Formation. Darker grey colours for ichnogenera indicate relatively high
EEI values, while lighter grey colours indicate relatively low EEl values. Vertical dashed line on bioturbation percentages plots
indicates boundary between BPBI =2 and BPBI = 3.

Urusis Formation, only the semi-infaunal backfill/conveyor cube is occupied by Helminthoidichnites
(electronic supplementary material, S6; figure 4a).

In the Witputs Sub-basin, Kliphoek Member EEI values are intermediate but small in range at EEI = 5-7 due
to the sole presence of plug-shaped burrows (electronic supplementary material, table S2; figure 3b). Maximum
values and range for the entire Nama Group occur in the Nasep Member (EEI = 3-12; figure 3b) and remain
constant into the Spitzkop Member. However, the occurrence of Planolites and Parapsammichnites in the
Spitzkop Member result in a higher proportion of high-EEI value trace fossils relative to the Nasep. Finally,
in the basal Cambrian Nomtsas Formation, EEI values remain high but contract in range (EEI=6-12;
figure 3b). The Witputs ecosystem engineering cubes reflect this pattern. In the Kliphoek Member, where
trace fossils are limited to plug-shaped burrows, only the semi-infaunal compression/gallery biodiffusion
cube is occupied (electronic supplementary material, table S2; figure 4b). In the Nasep and
Spitzkop Members, the semi-infaunal compression/backfill cube is also occupied by Helminthopsis,
Helminthoidichnites, Planolites and Parapsammichnites. Finally, in the Cambrian Nomtsas Formation, only the
semi-infaunal compression/gallery biodiffusion cube is occupied by Treptichnus (figure 4b).

4. Discussion

The biotic replacement model for the extinction of the soft-bodied Ediacara biota makes two key predictions: (i)
that contemporaneous communities of Ediacara biota are depauperate and ecologically stressed, and (ii) that
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Cambrian-type metazoan ecosystem engineering increases in intensity in the latest Ediacaran Nama Group n
[6,12]. The first prediction of this model is supported by previous studies showing that communities of
Ediacara biota in the Nama Group are low-diversity compared with those of the older White Sea
assemblage [13,15,54] and are ecologically depauperate, potentially comprising a limited number of life
strategies ([28]; although we note that relative abundance community data from the Nama Group are still
limited, and thus inferences are preliminary). However, to date, the second prediction of the biotic
replacement model—that metazoan ecosystem engineering intensity increases substantially in the latest
Ediacaran—had not been demonstrated until now. The results presented here for the Nama Group provide
the first robust test of this prediction and help to establish a pattern of ecological changes that reflect the
potential effects of ecosystem engineering in latest Ediacaran shallow marine environments.

Our data from the Nama Group illustrate three key features of the latest Ediacaran trace fossil record
in Namibia. First, there is a gradual increase in bioturbation intensity from the Ediacaran to Cambrian,
with the most substantial increase in bioturbation intensity occurring across the Ediacaran-Cambrian

*sosi/Jeunof/6106uiysgnd/aposjedos

boundary (figure 3). In addition to an increase in the mean bedding-plane bioturbation percentages
from the Spitzkop Member to the basal Cambrian Nomtsas Formation, there is also a shift in the
distribution of bioturbation intensity values, where the Nomtsas Formation has a greater proportion
of high-percentage trace fossil slabs than the Spitzkop Member. However, the Spitzkop Member still
contains slabs that yield bioturbation percentage values as high as those in the Nomtsas Formation,
indicating that in specific environments, bioturbation intensity was as high in the late Ediacaran as it
was at the onset of the Cambrian.

Second, our data illustrate an increase in the complexity of metazoan ecosystem engineering behaviours
leading up to the Cambrian. The increase in EEI values observed in the Witputs and Zaris Sub-basins
reflects the presence of more complex bioturbation behaviours throughout the Nama Group. The
presence of plug-shaped burrows in lower Nama Group members yields mid-value, low-range EEI
values (figure 3b), and a limited number of occupied ecosystem engineering cubes (figure 4):
one occupied in both the Kliphoek Member (Witputs Sub-basin) and Niederhagen Member (Zaris
Sub-basin—figure 44). Towards the Cambrian, both EEI values and the number of occupied ecosystem
engineering cubes increase in the Witputs Sub-basin (figures 3b and 4b), indicating a greater potential for
significant environmental modification and the presence of a greater number of ecosystem engineering
behaviours. Moreover, diversification in burrowing behaviours is evident throughout the Nama Group.
Trace fossils become increasingly more complex in terms of both morphology and inferred feeding
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strategies. The first trace fossils to appear in stratigraphic succession are plug-shaped burrows, which
probably represent metazoans able to adjust their vertical position in the sediment (potentially
anthozoan cnidarians—see [25,55]; cf. [56]). By contrast, Parapsammichnites records the activity of a
bilaterian metazoan possessing a coelom [26] and, along with Treptichnus, represents the advent of
sediment bulldozing and deposit feeding [23,26,46,57].

Third, our data show that the maximum ecosystem engineering intensities measured in the Nama
Group occur below Ediacaran-Cambrian boundary. Specifically, EEIs in the Witputs Sub-basin reach
maximum recorded values (EEI=3-12) and the maximum number of cubes (2) is occupied in the
Nasep Member, below the Cambrian Nomtsas Formation (figures 3b and 4b). Trace fossils from the
Cambrian Nomtsas Formation yield a further increase in EEI values, but a decrease in the diversity of
ecosystem engineering behaviours (represented by a decrease in the number of occupied ecosystem
engineering cubes—figure 4). This observed increase in EEIs is a result of the occurrence of
treptichnids prior to the appearance of T. pedum, while the increase in the number of ecosystem
engineering behaviours reflects the increase in ichnodiversity of each stratigraphic member (although
we note that it is possible that this reflects an environmental signal, the high diversity trace fossil
assemblages may instead reflect some change in taphonomic conditions). Furthermore, the occurrence
of other trace fossils which represent similar complex ecosystem engineering behaviours which have
been reported from the Nama Group but are not included here, such as Streptichnus narbonnei in the
Spitzkop Member [22], add to the robustness of these data. Regardless, these results overall suggest
that the potential for significant environmental modification due to burrowing was present prior to
the appearance of more architecturally complex and larger Cambrian trace fossil makers. This trend in
increasing ecosystem engineering prior to the Cambrian is comparable with other Ediacaran-
Cambrian sections worldwide, notably in the Ediacaran-aged Blueflower Formation of northwestern
Canada where complex burrowing behaviours associated with deposit feeding are present prior to the
Ediacaran—Cambrian boundary [23] and in the Chapel Island Formation where the trace fossil record
preserves a dramatic increase in behavioural innovation and ecospace occupation from the Ediacaran
to the early-middle Cambrian [58]. Overall, the trace fossil record of the Nama Group records an early



increase in ecosystem engineering well before the Ediacaran-Cambrian boundary, which is consistent [ 9 |
with the first prediction of the biotic replacement model.

Although our data illustrate an increase in ecosystem engineering in the late Ediacaran, linking
specific patterns of environmental change with ecological pressures deleterious to the Ediacara biota
has proven difficult [6]. Our analysis of EEI values (of [37]) and ecosystem engineering cubes (of [38]),
however, suggest that palaeoenvironmental conditions may have changed in response to diversifying
infaunal activity, and thus may help generate hypotheses surrounding the specific mechanisms of
biotic replacement. In particular, our analysis shows a latest Ediacaran increase in burrowing
behaviours capable of both: (i) altering patterns of nutrient transport and fluid exchange between the
substrate and water column, and (ii) altering the rheological properties of the sediment-water
interface. In terms of the former, the presence of high-EEI value trace fossils (i.e. Treptichnus,
Parapsammichnites) in the Nasep and Spitzkop Members suggests the early potential for significant
sedimentary geochemical change. For example, increased biomixing would have enhanced sulfate
reduction in pore waters, while the advent of bioirrigation would have flushed reduced iron and
sulfur from the sediment and decreased the formation of iron sulfides thought to be key in preserving
the soft-bodied biota [39,59]. Additionally, bioturbation is capable of causing a positive feedback loop
by deepening oxygen penetration into the sediment and mixing labile organic matter below the
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sediment surface, which thus can lead to deeper and more intense metazoan activity and bioturbation
[35]. Moreover, disrupting the rheological properties of the sediment surface in this manner could
have produced a variety of downstream effects on benthic communities. It has been suggested that
the soft-bodied Ediacara biota were evolutionarily adapted to live on microbial matgrounds [60,61];
the diversification of microbial grazing, sediment bulldozing and treptichnid-like metazoan
behaviours may have been responsible for clearing large portions of matground in shallow marine
environments. Although Buatois et al. [16] demonstrate that Ediacaran-style matgrounds persist into
the Cambrian, even partial removal of matgrounds may have represented a severe ecological stress for
the soft-bodied Ediacara biota, whose bulbous anchoring structures potentially lacked the
morphological adaptations to function in less-firm substrates [12]. Future work quantifying the spatial
and facies associations between trace fossils, soft-bodied Ediacara biota and microbial mat textures
throughout the Ediacaran may provide a test for this model. Additionally, the presence of metazoan
deposit-feeders has been shown in some circumstances to have detrimental effects on suspension-
feeding species; disrupting the sediment-water interface may inhibit the settlement of larvae and
remobilize sediment in a way which ‘clogs’ the feeding apparatus of suspension-feeding taxa (e.g.
[62]). Given that some Ediacara biota have been interpreted as suspension feeders (e.g. [63]), it is
possible that increased sediment load in low levels of the water column may have inhibited these
species’ abilities to obtain nutrients [26]. Although these hypotheses are supported by the trace fossil
data, we acknowledge that there are many other possible drivers of biotic replacement and the
extinction of the soft-bodied Ediacara biota that would not be recorded in trace fossils—for example,
changes to the character of bioavailable organic matter (e.g. [31,64]), competition for resources and the
advent of predation (preserved drillholes in biomineralizing Cloudina—see [65]—notwithstanding).

Given that the stratigraphic successions preserved in both the Zaris and Witputs Sub-basins record a
variety of palaeoenvironments, it is possible that the observed succession in trace fossil assemblages (and
associated measures of ecosystem engineering intensity) may be the result of secular changes in facies
and/or water depth (e.g. [66,67]). Certainly, many of the horizons hosting more complex trace fossils (in
particular, the Nasep and Spitzkop Members) apparently record higher-energy palaeoenvironments,
preserving abundant tool marks, groove casts and other evidence for directed transport (electronic
supplementary material, S7). However, we note that the most diverse trace fossil assemblages,
discovered at the base of the Spitzkop Member (including Parapsammichnites, Treptichnid-like traces and
a variety of different horizontal burrows), are preserved in thin interbedded sandstones and limestones
possessing no evidence for high energy and transport. In addition, trace fossil studies from other late
Ediacaran localities have reported Ediacaran-aged Treptichnus from both deep (e.g. [23]) and shallow
(e.g. [68]) marine environments. Consequently, it is possible that complex infaunal activities with
enhanced EEIs may have appeared approximately synchronously in a variety of environments (see also
[53]). Untangling evolutionary, environmental and ecological feedbacks is key to robustly testing models
of biotic extinction and replacement, and to resolving long-withstanding questions regarding the
development of Phanerozoic-style metazoan ecosystems.

In summary, our study provides the first robust test for a key prediction of the biotic replacement model
for the Ediacaran-Cambrian transition—namely, an increase in metazoan ecosystem engineering in the
latest Ediacaran. Our trace fossil data from the Nama Group of southern Namibia illustrate a gradual



increase in bioturbation intensity throughout the Nama Group, but a dramatic increase in the EEI of
trace fossils in the latest Ediacaran. These increases in diversity and EEIs pre-date or are at least
contemporaneous with the appearance of low-diversity and potentially ecologically stressed
communities of soft-bodied Ediacara biota in the same basin [25,28] and are thus consistent with the
biotic replacement model. Direct causal links between the appearance of these new infaunal behaviours
and the extinction of the Ediacara biota are still lacking, in part due to the rarity of successions hosting
both soft-bodied macrobiota and abundant trace fossils. However, our approach provides the
ichnological and stratigraphic basis for hypotheses that can be tested with future ecological data and
geochemical evidence. We also note that the trace fossil data presented here are not mutually exclusive
of a ‘catastrophe’-type scenario involving abiotically induced environmental changes (e.g. [20]).
Throughout geologic time, periods of evolutionary innovation have been associated with environmental
fluctuations in oxygen availability (e.g. [69]). Emerging geochemical data suggest the end Ediacaran was
defined by local redox instability in shallow-water strata [70], reflecting major transitions in the state of
global marine redox coinciding with both the end of the Shuram excursion (ca 550 Ma) and the
Ediacaran-Cambrian boundary [71-73]. Therefore, the trace fossil record of the Nama Group may reflect
innovation in ecosystem engineering and radiation of bilateria in response to ‘catastrophe’-type
environmental events related to expanding ocean anoxia (or some other environmental perturbation)
that ultimately contributed to the demise of the Ediacara biota.

Finally, our findings highlight that further work is needed to spatially constrain Nama Group trace
fossils in the context of the contemporaneous soft-bodied Ediacara biota, to understand changes in
bioturbation during the Avalon and White Sea assemblages and to determine a precise
biogeochemical mechanism(s) associated with bioturbation that could have led to, or arisen from,
environmental changes. Despite this, our study provides a link between ecosystem engineering and
the extinction of the Ediacara biota, provides insights into the evolution of bioturbation prior to the
Cambrian and illustrates that early metazoans were capable of achieving levels of ecosystem
engineering approaching those that appear in the earliest Cambrian by the latest Ediacaran.

Ethics. Permission to collect samples was granted to all authors by the following landowners: Patricia Craven and Herman
Kinghorn for Farm Arimas, Lothar Gessert for Farm Swartpunt, Leez Hovelmann at Gondwana Canyon Park for Camp
Koelkrans, Barra and Lilian Viljoen for Farm Hansburg, and Gwen Finis at Farm Berghoek. Permission was not required
at the Canyon Roadhouse locality. At all other farms, permission was obtained at the farmhouse before conducting
fieldwork. Research permits were obtained from the National Heritage Council (permit no. 04/2017). This work was
done in collaboration with the Ministry of Mines and Energy in Windhoek, Namibia.

Data accessibility. Datasets supporting this article have been uploaded as part of the electronic supplementary material.
Authors’ contributions. A.T.C., C.G.K., M.L. and S.A.E.D. designed the research. All the authors performed the fieldwork
and helped collect trace fossils and slabs for analysis. A.T.C., C.G.K,, TH.B., M.L. and S.A.F.D. wrote the manuscript.
All the authors gave final approval for publication.

Competing interests. We declare we have no competing interests.

Funding. This research was supported by a Paleontological Society Student Research Grant to A.T.C. S.A.F.D.
acknowledges generous funding from National Geographic (grant no. 9968-16) and a Paleontological Society
Arthur James Boucot Award. M.L. acknowledges funding from NSERC Discovery Grant (grant no. RGPIN 435402).
R.AR. was supported by NSF (grant nos. DEB 1331980 and PLR 134175) to N. Smith.

Acknowledgements. All the authors would like to extend heartfelt thanks to Barra and Lilian Viljoen, Danie Loots, Patricia
Craven, Herman Kinghorn and Lothar Gessert for access to farms and fossil sections. We also thank the Geological
Survey of Namibia, in particular Charlie Hoffmann and Roger Swart, for logistical help in conducting fieldwork.
We thank two anonymous reviewers for thoughtful comments. Lastly, we extend sincere thanks to Gerard Germs
and John Almond for helping us find the trace fossil sites in the Nasep and basal Spitzkop Members.

References
Knoll A, Walter M, Narbonne G, Christie-Blick N. Xiao S, Laflamme M. 2009 On the eve of animal 5. Bobrovskiy I, Hope JM, Ivanstov A, Nettersheim
2004 The Ediacaran period: a new addition to radiation: phylogeny, ecology, and evolution of BJ, Hallmann C, Jochen BJ. 2018 Ancient
the geologic time scale. Lethaia 39, 13-29. the Ediacara biota. Trends Ecol. Evol. 24, 31-40. steroids establish the Ediacaran fossil
(doi:10.1080/00241160500409223) (doi:10.1016/j.tree.2008.07.015) Dickinsonia as one of the earliest animals.
Linnemann U et al. 2019 New high- Erwin DH, Laflamme M, Tweedt SM, Sperling Science 361, 1246—1249. (doi:10.1126/science.
resolution age data from the Ediacaran- EA, Pisani D, Peterson KJ. 2011 The Cambrian aat7228)
Cambrian boundary indicate rapid, conundrum: early divergence and later 6. Darroch SAF, Smith EF, Laflamme M, Erwin DH.

ecologically driven onset of the Cambrian
explosion. Terra Nova 31, 49-58. (doi:10.1111/
ter.12368)

ecological success in the early history of
animals. Science 334, 1091-1097. (doi:10.1126/
science.1206375)

2018 Ediacaran extinction and Cambrian
explosion. Trends Ecol. Evol. 33, 653-663.
(doi:10.1016/j.tree.2018.06.003)

845061 19 s ado 205 -y sosy/jeunol/bioBusygndisaposiefor [


http://dx.doi.org/10.1080/00241160500409223
http://dx.doi.org/10.1111/ter.12368
http://dx.doi.org/10.1111/ter.12368
http://dx.doi.org/10.1016/j.tree.2008.07.015
http://dx.doi.org/10.1126/science.1206375
http://dx.doi.org/10.1126/science.1206375
http://dx.doi.org/10.1126/science.aat7228
http://dx.doi.org/10.1126/science.aat7228
http://dx.doi.org/10.1016/j.tree.2018.06.003

10.

.

12.

13.

4.

15.

16.

17.

18.

19.

20.

Dunn FS, Liu AG, Donoghue PCJ. 2018 Ediacaran
developmental biology. Biol. Rev. 93, 914-932.
(doi:10.1111/brv.12379)

Dececchi TA, Narbonne GM, Greentree C,
Laflamme M. 2017 Relating Ediacaran fronds.
Paleobiology 42, 171-180. (doi:10.1017/pab.
2016.54)

Dececchi TA, Narbonne GM, Greentree C,
Laflamme M. 2018 Phylogenetic relationships
among the Rangeomorpha: the importance of
outgroup selection and implications for their
diversification. Can. J. Earth Sdi. 55, 1223-1239.
(doi:10.1139/cjes-2018-0022)

Hoyal Cuthill JF, Han J. 2018 Cambrian
patalonamid Stromatoveris phylogenetically
links Ediacaran biota to later animals.
Paleontology 61, 813—823. (doi:10.5061/dryad.
5pvdgm3)

Amthor JE, Grotzinger JP, Schroder S, Bowering
SA, Ramezani J, Martin MW, Matter A. 2003
Extinction of Cloudina and Namacalathus at the
Precambrian-Cambrian boundary in Oman.
Geology 31, 431-434. (d0i:10.1130/0091-
7613(2003)031<0431:E0CANA>2.0.€0;2)
Laflamme M, Darroch SAF, Tweedt SM, Peterson
KJ, Erwin DH. 2013 The end of the Ediacara
biota: extinction, biotic replacement, or Cheshire
(at? Gondwana Res. 23, 558—573. (doi:10.1016/
}.9r.2012.11.004)

Darroch SAF et al. 2015 Biotic replacement and
mass extinction of the Ediacara biota.

Proc. R. Soc. B 282, 20151003. (doi:10.1098/
15pb.2015.1003)

Muscente AD, Boag TH, Bykova N, Schiffbauer
JD. 2018 Environmental disturbance, resource
availability, and biologic turnover at the dawn
of animal life. Earth Sci. Rev. 177, 248—264.
(doi:10.1016/j.earscirev.2017.11.019)

Tarhan LG. 2018 The early Paleozoic
development of bioturbation—evolutionary
and geobiological consequences. Earth Sci. Rev.
178, 177-207. (doi:10.1016/j.earscirev.2018.01.
011)

Buatois LA, Narbonne GM, Méngano MG,
Carmona NB, Myrow P. 2014 Ediacaran
matground ecology persisted into the earliest
Cambrian. Nat. Commun. 5, 3544. (doi:10.1038/
ncomms4544)

Wood R, Liu AG, Bowyer F, Wilby PR, Dunn FS,
Kenchington CG, Hoyal Cuthill JF, Mitchell EG,
Penny A. 2019 Integrated records of
environmental change and evolution challenge
the Cambrian explosion. Nat. Ecol. Evol. 3,
528-538. (doi:10.1038/541559-019-0821-6)
Husson JM, Higgins JA, Maloof AC, Schoene B.
2015 Ca and Mg isotope constraints on the
origin of Earth’s deepest 8"C excursion.
Geochem. Cosmochem. Acta 160, 243—266.
(doi:10.1016/j.9¢a.2015.03.012)

Condon D, Zhu M, Bowring S, Wang W, Yang A,
Jin Y. 2005 U-Pb ages from the Neoproterozoic
Doushantuo Formation, China. Science 308,
95-98. (doi:10.1126/science.1107765)

Smith EF, Nelson LL, Tweedt SM, Zeng H,
Workman JB. 2017 A cosmopolitan late
Ediacaran biotic assemblage: new fossils from
Nevada and Namibia support a global
biostratigraphic link. Proc. R. Soc. B 284,
20170934. (doi:10.1098/rspb.2017.0934)

21.

22.

2.

24,

25.

26.

27.

28.

29.

30.

31

32

33

34,

35.

Xiao S, Narbonne GM, Chuanming Z, Laflamme
M, Grazhdankin DV, Moczydlowska-Vidal M, Cui
H. 2016 Towards an Ediacaran time scale:
problems, protocols, and perspectives. Episodes
39, 540-555. (doi:10.18814/epiiugs/2016/
v39i4/103886)

Jensen S, Runnegar BH. 2005 A complex trace
fossil from the Spitskop Member (terminal
Ediacaran-? Lower Cambrian) of southern
Namibia. Geol. Mag. 142, 561-569. (doi:10.
1017/50016756805000853)

Carbone C, Narbonne GM. 2014 When life got
smart: the evolution of behavioural complexity
through the Ediacaran and Cambrian of NW
(anada. J. Paleontol. 88, 309-330. (doi:10.
1666/13-066)

Mangano MG, Buatois LA. 2015 The trace-fossil
record of tidal flats through the Phanerozoic:
evolutionary innovations and faunal turnover.
ICHNOLOGY: Papers from Ichnia lll. Geological
Association of Canada, Miscellaneous Publication
9, 157-171.

Darroch SAF, Boag TH, Racicot RA, Tweedt S,
Mason SJ, Erwin DH, Laflamme M. 2016 A
mixed Ediacaran-metazoan assemblage from
the Zari Sub-basin, Namibia. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 459, 198-208.
(doi:10.1016/j.palaeo.2016.07.003)

Buatois LA, Almond J, Mdngano MG, Jensen S,
Germs GJB. 2018 Sediment disturbance by
Ediacaran bulldozers and the roots of the
Cambrian explosion. Sci. Rep. 8, 4514. (doi:10.
1038/541598-018-22859-9)

Wood R, Curtis A. 2015 Extensive metazoan reefs
from the Ediacaran Nama Group, Namibia: the rise
of benthic suspension feeding. Geobiology 13,
112-122. (doi:10.1111/gbi.12122)

Darroch SAF, Laflamme M, Wagner PJ. 2018
High ecological complexity in benthic Ediacaran
communities. Nat. Ecol. Evol. 2, 1541-1547.
(doi:10.1038/541559-018-0663-7)

Muscente AD et al. 2019 Ediacaran biozones
identified with network analysis provide
evidence for pulsed extinctions of early complex
life. Nat. Commun. 10, 911. (doi:10.1038/
541467-019-08837-3)

Aller RC. 1982 The effects of macrobenthos on
chemical properties of marine sediment and
overlying water. In Animal—sediment relations
(eds PL McCall, MJS Tevesz), pp. 83-91, ch. 2.
Boston, MA: Springer.

Erwin DH, Tweedt SM. 2012 Ecological drivers of
the Ediacaran—Cambrian diversification of
Metazoa. Evol. Ecol. 26, 417-433. (doi:10.1007/
$10682-011-9505-7)

Canfield DE, Farquhar J. 2009 Animal evolution,
bioturbation, and the sulfate concentration of
the oceans. Proc. Natl Acad. Sci. USA 106,
8123-8127. (doi:10.1073/pnas.0902037106)
Tarhan LG, Droser ML, Planavsky NJ, Johnston
DT. 2015 Protracted development of
bioturbation through the early Palaeozoic Era.
Nat. Geosci. 8, 865-869. (doi:10.1038/
ngeo2537)

Rhoads DC. 1970 The influence of deposit-
feeding organisms on sediment stability and
community structure. J. Mar. Res. 28, 150-178.
Mcllroy D, Logan CA. 1999 The impact of
bioturbation on infaunal ecology and evolution

36.

37.

38.

39.

40.

M.

4.

43.

4,

45.

46.

47.

4.

49.

during the Proterozoic-Cambrian transition.
Palaios 14, 59-72. (doi:10.2307/3515361)
Laverock B, Gilbert JA, Tait K, Oshorn AM,
Widdicombe S. 2011 Bioturbation: impact on
the marine nitrogen cycle. Biochem. Soc. Trans.
39, 315-320. (doi:10.1042/BST0390315)
Herringshaw LG, Callow RT, Mcllroy D. 2017
Engineering the Cambrian explosion: the earliest
bioturbators as ecosystem engineers. Geol. Soc.
London, Spec. Publ. 448, SP448-18. (doi:10.
1144/5P448.18)

Minter NJ, Buatois LA, Mangano MG, Davies NS,
Gibling MR, MacNaughton RB, Labandeira CC.
2017 Early bursts of diversification defined the
faunal colonization of land. Nat. Ecol. Evol. 1,
0175. (doi:10.1038/541559-017-0175)

van de Velde S, Meysman FIR. 2016 The
influence of bioturbation on iron and sulphur
cycling in marine sediments: a model analysis.
Aquat. Geochem. 22, 469-504. (d0i:10.1007/
$10498-016-9301-7)

Blanco G, Germs GJB, Rajesh HM, Chemale Jr F,
Dussin IA, Justino D. 2011. Provenance and
paleogeography of the Nama Group (Ediacaran
to early Palaeozoic Namibia): petrography,
geochemistry, and U-Pb detrital zircon
geochronology. Precambrian Res. 187, 15-32.
(doi:10.1016/j.precamres.2011.02.002)

Schmitz MD. 2012 Radiogenic isotope
geochronology. In Geologic timescale 2012
(eds F Gradstein, J Ogg, G Ogg), pp. 427—449.
Boston, MA: Elsevier.

Narbonne GM, Xiao S, Shields G. 2012 Ediacaran
Period, ch. 18. In Geologic timescale 2012 (eds
F Gradstein, J Ogg, G Ogg), pp. 427-449.
Boston, MA: Elsevier.

Germs GJB. 1983 Implications of a sedimentary
facies and depositional environmental analysis of
the Nama Group in South West Africa/Namibia.
Geol. Soc. South Afr. Spec. Publ. 11, 89-114.
Stanistreet 1G, Kukla PA, Henry G. 1991
Sedimentary basinal responses to late
Precambrian Wilson cycle: the Damara orogeny
and Nama foreland, Namibia. J. Afr. Earth Sci.
(Middle East) 13, 141-156. (doi:10.1016/0899-
5362(91)90048-4)

Saylor BZ, Grotzinger JP, Germs GJB. 1995
Sequence stratigraphy and sedimentology of the
Neoproterozoic Kuibis and Schwarzrand
Subgroups (Nama Group), southwestern
Namibia. Precambrian Res. 73, 153-171.
(doi:10.1016/0301-9268(94)00076-4)

Wilson JP et al. 2012 Deep-water incised valley
deposits at the Ediacaran—Cambrian boundary
in southern Namibia contain abundant
Treptichnus pedum. Palaios 27, 252-273.
(doi:10.2110/pal0.2011.p11-036r)

Geyer G. 2005 The Fish River Subgroup in
Namibia: stratigraphy, depositional
environments, and the Proterozoic-Cambrian
boundary problem revisited. Geol. Mag. 14,
465-498. (doi:10.1017/50016756805000956)
Jensen S, Droser ML, Gehling JG. 2005 Trace
fossil preservation and the early evolution of
animals. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 220, 19-29. (doi:10.1016/j.palaeo.
2003.09.035)

Jensen S, Droser ML, Gehling JG. 2006 A critical
look at the Ediacaran trace fossil record.

" 8ys061 9 s tado 205y sosyjeuwmol/biobunsyqndfaanosiedor [


http://dx.doi.org/10.1111/brv.12379
http://dx.doi.org/10.1017/pab.2016.54
http://dx.doi.org/10.1017/pab.2016.54
http://dx.doi.org/10.1139/cjes-2018-0022
http://dx.doi.org/10.5061/dryad.5pv4qm3
http://dx.doi.org/10.5061/dryad.5pv4qm3
http://dx.doi.org/10.1130/0091-7613(2003)031%3C0431:EOCANA%3E2.0.CO;2
http://dx.doi.org/10.1130/0091-7613(2003)031%3C0431:EOCANA%3E2.0.CO;2
http://dx.doi.org/10.1016/j.gr.2012.11.004
http://dx.doi.org/10.1016/j.gr.2012.11.004
http://dx.doi.org/10.1098/rspb.2015.1003
http://dx.doi.org/10.1098/rspb.2015.1003
http://dx.doi.org/10.1016/j.earscirev.2017.11.019
http://dx.doi.org/10.1016/j.earscirev.2018.01.011
http://dx.doi.org/10.1016/j.earscirev.2018.01.011
http://dx.doi.org/10.1038/ncomms4544
http://dx.doi.org/10.1038/ncomms4544
http://dx.doi.org/10.1038/s41559-019-0821-6
http://dx.doi.org/10.1016/j.gca.2015.03.012
http://dx.doi.org/10.1126/science.1107765
http://dx.doi.org/10.1098/rspb.2017.0934
http://dx.doi.org/10.18814/epiiugs/2016/v39i4/103886
http://dx.doi.org/10.18814/epiiugs/2016/v39i4/103886
http://dx.doi.org/10.1017/S0016756805000853
http://dx.doi.org/10.1017/S0016756805000853
http://dx.doi.org/10.1666/13-066
http://dx.doi.org/10.1666/13-066
http://dx.doi.org/10.1016/j.palaeo.2016.07.003
http://dx.doi.org/10.1038/s41598-018-22859-9
http://dx.doi.org/10.1038/s41598-018-22859-9
http://dx.doi.org/10.1111/gbi.12122
http://dx.doi.org/10.1038/s41559-018-0663-7
http://dx.doi.org/10.1038/s41467-019-08837-3
http://dx.doi.org/10.1038/s41467-019-08837-3
http://dx.doi.org/10.1007/s10682-011-9505-7
http://dx.doi.org/10.1007/s10682-011-9505-7
http://dx.doi.org/10.1073/pnas.0902037106
http://dx.doi.org/10.1038/ngeo2537
http://dx.doi.org/10.1038/ngeo2537
http://dx.doi.org/10.2307/3515361
http://dx.doi.org/10.1042/BST0390315
http://dx.doi.org/10.1144/SP448.18
http://dx.doi.org/10.1144/SP448.18
http://dx.doi.org/10.1038/s41559-017-0175
http://dx.doi.org/10.1007/s10498-016-9301-7
http://dx.doi.org/10.1007/s10498-016-9301-7
http://dx.doi.org/10.1016/j.precamres.2011.02.002
http://dx.doi.org/10.1016/0899-5362(91)90048-4
http://dx.doi.org/10.1016/0899-5362(91)90048-4
http://dx.doi.org/10.1016/0301-9268(94)00076-4
http://dx.doi.org/10.2110/palo.2011.p11-036r
http://dx.doi.org/10.1017/S0016756805000956
http://dx.doi.org/10.1016/j.palaeo.2003.09.035
http://dx.doi.org/10.1016/j.palaeo.2003.09.035

50.

51

52.

53.

54,

55.

56.

57.

In Neoproterozoic geobiology and paleobiology
(eds S Xiao, AJ Kaufman), pp. 115-157, ch. 5.
Dordrecht, The Netherlands: Springer.

Marenco KH, Bottjer DJ. 2009 The intersection
grid technique for quantifying the extent of
bioturbation on bedding planes. Palaios 25,
457-462. (doi:10.2110/pal0.2009.p09-130r)
Marenco KH, Bottjer DJ. 2011 Quantifying
bioturbation in Ediacaran and Cambrian rocks.
In Quantifying the evolution of early life (eds
M Laflamme, J Schiffbauer, S Dornbos), pp.
135-160. Dordrecht, The Netherlands: Springer.
Miller MF, Smail SE. 1997 A semiquantitative
field method for evaluating bioturbation on
bedding planes. Palaios 12, 391-396. (doi:10.
2307/3515338)

Jensen S, Saylor BZ, Gehling JB, Germs GJB.
2000 Complex trace fossils form the terminal
Proterozoic Namibia. Geology 28, 143-146.
(doi:10.1016/50301-9268(99)00069-8)

Boag TH, Darroch SAF, Laflamme M. 2016
Ediacaran distributions in space and time:
testing assemblage concepts of earliest
macroscopic body fossils. Palaeobiology 42,
574-594. (do0i:10.1017/pab.2016.20)

Mata SA, Corsetti CL, Corsetti FA, Awramik SM,
Bottjer DJ. 2012 Lower Cambrian anemone
burrows from the upper member of the Wood
Canyon Formation, Death Valley region, United
States: Paleoecological and paleoenvironmental
significance. Palaios 27, 594—606. (doi:10.2110/
palo.2012.p12-016r)

Menon LR, Mdllroy D, Brasier MD. 2013
Evidence for Cnidaria-like behaviour in ca.

560 Ma Ediacaran Aspidella. Geology 41,
895-898. (doi:10.1130/G34424.1)

Vannier J, Calandra |, Gaillard C, Zylifiska A.
2010 Priapulid worms: pioneer horizontal

58.

59.

60.

61.

62.

63.

64.

65.

burrowers at the Precambrian-Cambrian
boundary. Geology 38, 711-714. (doi:10.1130/
G30829.1)

Laing BA, Méngano MG, Buatois LA, Narbonne
GM, Gougeon RC. 2019 A protracted Ediacaran—
Cambrian transition: an ichnologic ecospace
analysis of the Fortunian in Newfoundland,
(anada. Geol. Mag. 156, 1623-1630. (doi:10.
1017/50016756819000141)

Liu AG. 2016 Framboidal pyrite shroud confirms
the ‘Death-Mask’ model for moldic preservation
of Ediacaran soft-bodied organisms. Palaios 31,
259-274. (doi:10.2110/pal0.2015.095)
Seilacher A. 1999 Biomat-related lifestyles in the
Precambrian. Palaios 14, 86-93. (doi:10.2307/
3515363)

Laflamme M, Schiffbauer JD, Narbonne GM, Briggs
DEG. 2011 Microbial biofilms and the preservation
of the Ediacara biota. Lethaia 44, 203-213.
(d0i:10.1111/.1502-3931.2010.00235.X)

Rhoads DC, Young DK. 1970 The influence of
deposit-feeding organisms on sediment stability
and community trophic structures. J. Mar. Res.
28, 150-187.

Gibson BM, Rahman IA, Maloney KM, Racicot
RA, Mocke H, Laflamme M, Darroch SAF. 2019
Gregarious suspension feeding in a modular
Ediacaran organism. Sci. Adv. 5, eaaw20260.
(doi:10.1126/sciadv.aaw0260)

Sperling EA, Peterson KJ, Laflamme M. 2011
Rangeomorphs, Thectardis (Porifera?) and
dissolved organic carbon in the Ediacaran
oceans. Geobiology 9, 24-33. (doi:10.1111/j.
1472-4669.2010.00259.x)

Bengston S, Zhao Y. 1992 Predatory borings in
late Precambrian mineralized exoskeletons.
Science 257, 367-369. (doi:10.1126/science.
257.5068.367)

66.

67.

68.

69.

70.

.

72.

73.

Crimes TP, Germs GJB. 1982 Trace fossils from
the Nama Group (Precambrian-Cambrian) of
Southwest Africa (Namibia). J. Paleontol. 56,
890-907.

Germs GJB. 1995 The Neoproterozoic of
southwestern Africa, with emphasis on
stratigraphy and paleontology. Precambrian Res.
73, 137-151. (doi:10.1016/0301-
9268(94)00075-3)

Gehling JG, Jensen S, Droser ML, Myrow P,
Narbonne GM. 2001 Burrowing below the basal
Cambrian GSSP, Fortune Head, Newfoundland.
Geol. Mag. 138, 213-218. (doi:10.1017/
5001675680100509X)

Wood R, Erwin DH. 2017 Innovation not
recovery: dynamic redox promotes metazoan
radiations. Biol. Rev. 93, 863—873. (d0i:10.1111/
brv.12375)

Tostevin R et al. 2016 Low-oxygen waters
limited habitable space for early animals. Nat.
Commun. 7, 12818. (doi:10.1038/
ncomms12818)

Zhang F, Xiao S, Kendell B, Romaniello SJ, Cui
H, Meyer M, Gilleaudeau GJ, Kaufman AJ, Anbar
AD. 2018 Extensive marine anoxia during the
terminal Ediacaran Period. Sci. Adv. 4,
eeaan8983. (doi:10.1126/sciadv.aan8983)
Tostevin R, Clarkson MO, Gangl S, Shields GA,
Wood RA, Bowyer F, Penny AM, Stirling CH.
2018 Uranium isotope evidence for an
expansion of anoxia in terminal Ediacaran
oceans. Farth Planet. Sci. Lett. 506, 104—112.
(doi:10.1016/j.eps1.2018.10.045)

Wei G, Planavsky NJ, Tarhan LG, Chen X,

Wei W, Li D, Ling H. 2018 Marine redox
fluctuations as a potential trigger for the
Cambrian explosion. Geology 46, 587-590.
(doi:10.1130/G40150.1)

845061 19 s ado 205 <y sosy/jeunol/bioBusygndisaposeror [


http://dx.doi.org/10.2110/palo.2009.p09-130r
http://dx.doi.org/10.2307/3515338
http://dx.doi.org/10.2307/3515338
http://dx.doi.org/10.1016/S0301-9268(99)00069-8
http://dx.doi.org/10.1017/pab.2016.20
http://dx.doi.org/10.2110/palo.2012.p12-016r
http://dx.doi.org/10.2110/palo.2012.p12-016r
http://dx.doi.org/10.1130/G34424.1
http://dx.doi.org/10.1130/G30829.1
http://dx.doi.org/10.1130/G30829.1
http://dx.doi.org/10.1017/S0016756819000141
http://dx.doi.org/10.1017/S0016756819000141
http://dx.doi.org/10.2110/palo.2015.095
http://dx.doi.org/10.2307/3515363
http://dx.doi.org/10.2307/3515363
http://dx.doi.org/10.1111/j.1502-3931.2010.00235.x
http://dx.doi.org/10.1126/sciadv.aaw0260
http://dx.doi.org/10.1111/j.1472-4669.2010.00259.x
http://dx.doi.org/10.1111/j.1472-4669.2010.00259.x
http://dx.doi.org/10.1126/science.257.5068.367
http://dx.doi.org/10.1126/science.257.5068.367
http://dx.doi.org/10.1016/0301-9268(94)00075-3
http://dx.doi.org/10.1016/0301-9268(94)00075-3
http://dx.doi.org/10.1017/S001675680100509X
http://dx.doi.org/10.1017/S001675680100509X
http://dx.doi.org/10.1111/brv.12375
http://dx.doi.org/10.1111/brv.12375
http://dx.doi.org/10.1038/ncomms12818
http://dx.doi.org/10.1038/ncomms12818
http://dx.doi.org/10.1126/sciadv.aan8983
http://dx.doi.org/10.1016/j.epsl.2018.10.045
http://dx.doi.org/10.1130/G40150.1

	Increase in metazoan ecosystem engineering prior to the Ediacaran–Cambrian boundary in the Nama Group, Namibia
	Introduction
	Geologic setting

	Methods
	Results
	Trace fossil occurrences
	Bioturbation intensity
	Ecosystem engineering

	Discussion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


