Supplemental Material for “Increase in metazoan ecosystem engineering prior to the Ediacaran-Cambrian boundary in the Nama Group, Namibia”

S1. The following are descriptions of ichnotaxa present in the Nama Group trace fossil record:

Plug-shaped burrows (Figure 2E, F, G) – shallow (<1 cm) vertical burrows 2-4mm in diameter, and preserved on the top-surfaces of slabs in both positive and negative relief. In the Zaris Subbasin these are found in the Vingerbreek and Neiderhagen Members, while in the Witputs subbasin they are found in the Kliphoek, Nasep, and Spitzkop Members. When examined in cross section these burrows either exhibit chevron cone-in-cone infill similar to Conichnus isp., or lack any layered infill, and thus more similar to Bergaueria. Plug-shaped burrows tend to be statistically paired, with neighboring burrows consistently 4-5 mm apart on the bedding plane (S3), but in cross section no evidence was found for U-shaped structures joining the two. Similar traces have been previously described from the Nama Group (Darroch et al., 2016) as well as from the Lower Cambrian Wood Canyon Formation in Death Valley (Mata et al., 2012). We note that some trace fossils classified as plug-shaped burrows may represent a poorly preserved variant of Treptichnus (Jensen et al., 2000), which can be distinguished by cutting open and polishing the samples. However, when samples were not able to be cut open, we conservatively describe them as plug-shaped burrows. 

Helminthoidichnites (Fitch, 1850; Figure 2A). – Small (1-3 mm), curvilinear and unbranching horizontal trace fossils. We find these Helminthoidichnites in short, sinuous forms in the Nasep Member of the Witputs Subbasin, where there is a general angle of curvature on the length of the burrow path until termination, and in larger looping forms in the Urusis Member of the Zaris subbasin. 

Helminthopsis (Heer, 1877; Figure 2B, C). – Meandering, horizontal, and unbranched burrows 1-2 mm in width and frequently >10 cm long. Helminthopsis appears in the Witputs Subbasin Spitzkop Member. The burrows occasionally disappear along the burrow path, but it is unclear whether this is due to incomplete preservation or some vertical movement into the substrate (see Carbone & Narbonne, 2014; Tarhan et al., 2017). We find these preserved as small sinuous traces found in the Nasep Member (Witputs Subbasin). These Helminthopsis are around 0.5 mm in width and 1 cm length, but are more commonly found exhibiting shorter burrow path lengths. They are found on bedding planes in close proximity to larger trace fossils. 

Parapsammichnites (Buatois et al., 2018; Figure 2H). – Large, horizontal burrows which maintain a consistent diameter of ~1 cm, and which extend for many 10s cm on the bedding plane (Figure 2). Parapsammichnites appear exclusively in the Witputs Subbasin Spitzkop Member. The trace fossils exhibit relatively high relief on the bedding plane, and meander in highly curved patterns, often cross-cutting themselves and/or other traces. Parapsammichnites preserves a backfill pattern in the burrows, indicating a sediment ‘bulldozing’ behavior (Buatois et al., 2018). 

Planolites (Nicholson, 1873; Figure 2D). – Simple, curving unlined burrows horizontal to the bedding plane. Planolites was found in the Spitzkop Member at Farm Swartpunt and Camp Koelkrans (Witputs subbasin). Planolites is preserved in positive relief, maintains a consistent burrow diameter and tends to cross-cut other Planolites trace fossils. 


Treptichnus (Miller, 1889; Figure 2I, J, K, L). – Shallow, upward-curving burrow segments which connect in zig-zag patterns in straight to looping burrows (see also Wilson et al., 2012). Treptichnids first appear in the Nasep Member in the Witputs Subbasin at the Farm Arimas and Canyon Roadhouse localities, where burrows are characterize by short, 3-5mm long segments which form a gently curved, rope-like path (Figure I). The traces are made up of 3 or 4 segments that maintain a constant width of around 3 mm throughout the entire trace. The combined segments reach lengths of 1-2 cm. The segments which make up each trace are all consistently arranged on one side of the middle of the trace (Figure 2). Nasep strongly resemble the treptichnids from the base of the Huns member which were previously described by Jensen et al. (2000).

At the Farm Swartpunt locality in the Spitzkop Member of the Witputs Subbasin, Treptichnus appears as burrows with frequent Y-shaped branches which diverge at a consistent angle of 55-60 (Figure J). The burrows maintain a consistent diameter of around 1mm. We note that due to the regular angle of branching, it is unlikely that these branching Treptichnus are a result of the intersection of different imcompletely preserved horizontal burrows, and instead or more likely due to the trace-maker’s successive probing movements (Bromley, 1996). These trace fossils resemble other Ediacaran and early Cambrian Treptichnus-type traces from the Mackenzie Mountains in Northwest Canada (Carbone & Narbonne, 2014).


Treptichnus also occurs at the Camp Koelkrans locality in Spitzkop member in the thin fine-grain sandstones of interbedded sandstone-carbonate facies. Here, Treptichnus is preserved as a positive relief small circular to oval shaped segments which connect below the surface, forming a C-shaped loop (Figure K). These Treptichnus trace fossils are found in a dense assemblage with plug-shaped burrows, simple horizontal traces (?Helminthopsis), and shallow U-shaped burrows (?Arenicolites). 

Ichnospecies Treptichnus pedum (Seilacher, 1955; Figure L). – Large, cm-scale trace fossils comprised of conjoined segments in a looping shape, preserved due to the successive probing movement of the trace-maker. T. pedum occurs at the Farm Sontaagsbrun locality in the Cambrian Nomtsas Member (Figure 2L). T. pedum does not occur with any other trace fosils. We note that although it is not reported in this dataset,








S2. Fossil database, including sample names, assigned ichnotaxon, and localities where collected with corresponding stratigraphic member. The following database was constructed from field work which took course during mid-July to mid-August 2016, and August 2017. Approximately two to three days were spent at each locality.

	Trace fossil slab sample name
	farm
	Present trace fossils
	Stratigraphic member/formation
	Subbasin

	17-FR-1.01
	Koelkrans
	Plug-shaped, Treptichnus
	Spitzkop
	Witputs

	17-FR-1.04
	Koelkrans
	Planolites
	Spitzkop
	Witputs

	17-FR-1.07
	Koelkrans
	Planolites, Plug-shaped
	Spitzkop
	Witputs

	17-FR-2.3
	Koelkrans
	Plug-shaped
	Spitzkop
	Witputs

	17-FR-CK-1
	Koelkrans
	Parapsammichnites
	Spitzkop
	Witputs

	17-FR-CK-2
	Koelkrans
	Parapsammichnites
	Spitzkop
	Witputs

	17-FR-CK-3
	Koelkrans
	Parapsammichnites
	Spitzkop
	Witputs

	17-FR-CK-4
	Koelkrans
	Parapsammichnites
	Spitzkop
	Witputs

	17-FR-CK-5
	Koelkrans
	Parapsammichnites
	Spitzkop
	Witputs

	2016-BH-1.11
	Berghoek
	Plug-shaped
	Vingerbreek
	Zaris

	2016-BH-1.13
	Berghoek
	Plug-shaped
	Vingerbreek
	Zaris

	2016-BH-1.14
	Berghoek
	Plug-shaped
	Vingerbreek
	Zaris

	2016-BH-x.1
	Berghoek
	Plug-shaped
	Vingerbreek
	Zaris

	2016-DD-1.1
	Kuibis
	Plug-shaped
	Kliphoek
	Witputs

	2016-DD-1.15
	Kuibis
	Plug-shaped
	Kliphoek
	Witputs

	2016-DD-1.2
	Kuibis
	Plug-shaped
	Kliphoek
	Witputs

	2016-DD-1.5
	Kuibis
	Plug-shaped
	Kliphoek
	Witputs

	2016-HB-11.1
	Hansburg
	Plug-shaped
	Kliphoek
	Witputs

	2016-HB-pi.1
	Hansburg
	Plug-shaped
	Kilphoek
	Witputs

	2016-HH-1.1 a
	Haruchas
	Plug-shaped
	Vingerbreek
	Zaris

	2016-HH-1.1 b
	Haruchas
	Plug-shaped
	Vingerbreek
	Zaris

	2016-HH-1.15
	Haruchas
	Plug-shaped
	Vingerbreek
	Zaris

	2016-HH-1.2
	Haruchas
	Plug-shaped
	Vingerbreek
	Zaris

	2016-HH-1.8
	Haruchas
	Plug-shaped
	Vingerbreek
	Zaris

	2016-HH-3.4
	Haruchas
	Plug-shaped
	Vingerbreek
	Zaris

	2016-KK-1.4
	Spider Ridge
	Plug-shaped
	Vingerbreek
	Zaris

	2016-NR-1.1
	Neuras
	Plug-shaped
	Neiderhagen
	Zaris

	2016-SB-1.31
	Sontaagsbrun
	Treptichnus
	Nomtsas
	Witputs

	2016-SB-2.31
	Sontaagsbrun
	Treptichnus
	Nomtsas
	Witputs

	2016-SB-float-pedum
	Sontaagsbrun
	Treptichnus
	Nomtsas
	Witputs

	2016-US-10.1
	Urusis 
	Helminthoidichnites
	Urusis
	Zaris

	2017-AR-1.04
	Arimas
	Helminthopsis
	Nasep
	Witputs

	2017-AR-1.05
	Arimas
	Helminthopsis
	Nasep
	Witputs

	2017-AR-1.15
	Arimas
	Helminthopsis, Helminthoidichnites
	Nasep
	Witputs

	2017-CR-1.04
	Canyon_Roadhouse
	Helminthoidichnites
	Nasep
	Witputs

	2017-CR-1.05
	Canyon_Roadhouse
	Helminthoidichnites
	Nasep
	Witputs

	2017-CR-1.06
	Canyon_Roadhouse
	Helminthoidichnites
	Nasep
	Witputs

	2017-CR-1.10
	Canyon_Roadhouse
	Helminthoidichnites
	Nasep
	Witputs

	2017-CR-1.11
	Canyon_Roadhouse
	Plug-shaped
	Nasep
	Witputs

	2017-CR-1.12
	Canyon_Roadhouse
	Plug-shaped
	Nasep
	Witputs

	2017-CR-1.24
	Canyon_Roadhouse
	Treptichnus
	Nasep
	Witputs

	2017-CR-1.32
	Canyon_Roadhouse
	Helminthoidichnites
	Nasep
	Witputs

	2017-CR-1.33
	Canyon_Roadhouse
	Treptichnus
	Nasep
	Witputs

	C16-SP-3.1
	Swartpunt
	Helminthoidichnites
	Spitzkop
	Witputs

	HB-10.1-2016
	Hansburg
	Plug-shaped
	Kliphoek
	Witputs

	LUCKY-2016
	Kuibis
	Plug-shaped
	Kliphoek
	Witputs

	TB-16-1.15
	Swartpunt
	Treptichnus
	Spitzkop
	Witputs

	TB-16-SP-1.10
	Swartpunt
	Planolites
	Spitzkop
	Witputs

	TB-16-SP-1.11
	Swartpunt
	Planolites
	Spitzkop
	Witputs

	TB-16-SP-1.12
	Swartpunt
	Plug-shaped, Treptichnus
	Spitzkop
	Witputs

	TB-16-SP-1.16
	Swartpunt
	Helminthopsis
	Spitzkop
	Witputs

	TB-16-SP-1.5
	Swartpunt
	Plug-shaped
	Spitzkop
	Witputs

	TB-16-SP-x.1
	Swartpunt
	Plug-shaped
	Spitzkop
	Witputs

	TB-SP-1.24
	Swartpunt
	Helminthoidichnites
	Spitzkop
	Witputs

	VC-1.6-2015
	Sontaagsbrun
	Treptichnus
	Nomtsas
	Witputs

	VC-2015-1.2
	Sontaagsbrun
	Treptichnus
	Nomtsas
	Witputs

	VC-2015-1.x
	Sontaagsbrun
	Treptichnus
	Nomtsas
	Witputs


 


S3. Graphs indicating pairing between plug-shaped burrows. Despite no evidence for being linked in the subsurface, plug-shaped burrows are consistently found to be regularly spaced at 4 – 5 mm apart. A Shapiro-Wilk test for normalcy yielded a p-value of less than 0.05 (p = 0.0000915) for the distribution of nearest-neighbor distances. This spatial pattern was even more commonly observed when samples only contained a few pairs, although regular spacing was still common for samples with clustered burrows. Diameter size and distance to nearest neighbor are weakly positively correlated. A linear regression fit through the data has an R2 value of 0.183 and a Spearman’s Rank test yielded a 𝜌 value of 0.431 (p=0.00113).
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S4. Point-counted bedding-plane bioturbation percentage results for slabs which were large enough to be point-counted. 

	Trace fossil slab sample name
	Stratigraphic member/formation
	Percent of bedding-plane bioturbated (point-counted)

	2017-AR-1.04
	Nasep
	3.24

	2017-AR-1.15
	Nasep
	3.53

	2016-BH-1.13
	Vingerbreek
	1.13

	2016-BH-1.14
	Vingerbreek
	1.80

	2017-CR-1.05
	Nasep
	0.93

	2017-CR-1.12
	Nasep
	1.17

	2017-CR-1.24
	Nasep
	2.43

	2017-CR-1.33
	Nasep
	2.57

	2017-CR-1.10
	Nasep
	4.15

	2017-CR-1.04
	Nasep
	4.59

	2017-CR-1.06
	Nasep
	4.66

	2017-CR-1.32
	Nasep
	6.60

	2016-HB-11.1
	Kliphoek
	1.00

	HB-10.1-2016
	Kliphoek
	2.42

	2016-HH-1.1 b
	Vingerbreek
	0.53

	2016-HH-1.1 a
	Vingerbreek
	0.59

	2016-HH-3.4
	Vingerbreek
	0.76

	2016-HH-1.2
	Vingerbreek
	1.03

	2016-HH-1.15
	Vingerbreek
	1.38

	2016-HH-1.8
	Vingerbreek
	3.22

	17-FR-2.3
	Spitzkop
	0.72

	17-FR-1.04
	Spitzkop
	5.43

	17-FR-CK-3
	Spitzkop
	7.26

	17-FR-1.01
	Spitzkop
	8.15

	17-FR-CK-5
	Spitzkop
	8.15

	17-FR-CK-1
	Spitzkop
	9.96

	17-FR-1.07
	Spitzkop
	11.33

	17-FR-CK-2
	Spitzkop
	12.64

	17-FR-CK-4
	Spitzkop
	16.94

	2016-DD-1.1
	Kliphoek
	0.20

	2016-DD-1.2
	Kliphoek
	0.38

	2016-DD-1.5
	Kliphoek
	1.06

	LUCKY-2016
	Kliphoek
	6.59

	2016-NR-1.1
	Neiderhagen
	1.08

	2016-SB-float-pedum
	Nomtsas
	6.39

	VC-2015-1.x
	Nomtsas
	10.06

	VC-2015-1.2
	Nomtsas
	17.94

	2016-SB-1.31
	Nomtsas
	20.14

	2016-SB-2.31
	Nomtsas
	25.48

	2016-KK-1.4
	Vingerbreek
	0.72

	TB-16-SP-1.11
	Spitzkop
	0.97

	C16-SP-3.1
	Spitzkop
	1.69

	TB-16-SP-1.12
	Spitzkop
	1.69

	TB-16-SP-1.12
	Spitzkop
	1.69

	TB-16-SP-1.5
	Spitzkop
	1.74

	TB-16-SP-x.1
	Spitzkop
	2.25

	TB-16-SP-1.10
	Spitzkop
	3.43

	TB-16-SP-1.16
	Spitzkop
	3.58

	TB-16-1.15
	Spitzkop
	4.47

	TB-SP-1.24
	Spitzkop
	4.54

	2016-US-10.1
	Urusis
	2.83



























S5. Assignments and scores for EEI values. Tiering was assigned based on depth observed for trace fossils in this dataset. Functional group and bioirrigation potential was assigned by referencing the same or similar trace fossils in Herringshaw et al. (2017) and/or Minter et al. (2017).

	Ichnogenera
	Depth
	Functional group
	Bioirrigation
	EEI score

	Helminthopsis
	Surficial (1)
	Epifaunal locomotion (1), surficial modifiers (2)
	Improbable (1)
	3 – 4 

	Helminthoidichnites
	Surficial (1)
	Epifaunal locomotion (1), surficial modifiers (2)
	Improbable (1)
	3 – 4 

	Plug-shaped burrows
	semi-infaunal (2)
	surficial modifiers (2), biodiffusive bioturbators (3)
	improbable (1) to possible (2)
	5 – 7

	Planolites
	semi-infaunal (2) to shallow infaunal (3)
	surficial modifiers (2), biodiffusive bioturbators (3)
	Improbable (1), possible (2)
	5 – 8

	Parapsammichnites
	semi-infaunal (2) to shallow infaunal (3)
	biodiffusive bioturbators (3)
	Improbable (1), possible (2)
	6 – 7 

	Treptichnus
	semi-infaunal (2) to shallow infaunal (3)
	surficial modifiers (2), gallery biodiffusion (6)
	Possible (2), probable (3)
	 6 – 12






















S6. Assignments ecosystem engineering cubes. Tiering was assigned based on depth observed for trace fossils in this dataset. Sediment modification and sediment interaction was assigned by referencing the same or similar trace fossils in Minter et al. (2017).

	Ichnogenera
	Tiering
	Sediment interaction
	Sediment modification

	Helminthopsis
	semi-infaunal
	backfill
	conveyor

	Helminthoidichnites
	semi-infaunal
	backfill
	conveyor

	Plug-shaped burrows
	semi-infaunal
	compression
	gallery biodiffusion

	Planolites
	semi-infaunal
	backfill
	conveyor

	Parapsammichnites
	semi-infaunal
	backfill
	conveyor

	Treptichnus
	semi-infaunal
	compression
	gallery biodiffusion

































S7. Evidence of directed transport. A) Cross-bedding from a trace-fossil bearing bed at the Canyon Roadhouse locality in the Nasep. B) Asymmetrical ripple marks with plug-shaped burrows throughout from Farm Haruchas in the Vingerbreek. Upper red arrow indicates plug-shaped burrow in trough of ripple. Lower red arrow indicates plug-shaped burrow on peak of ripple. C) Tool marks from Koelkrans locality in the Spitzkop. Red arrow indicates Planolites trace fossil. White arrows indicate approximated direction flow estimated from tool marks on slab. D-E) Helminthoidichnites and sinsudoidal cresent ripple marks from Sontaagsbrun in the Nomtsas. 
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