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ABSTRACT
The tempo of biotic recovery following extinction reflects the time scales of evolutionary 

processes and the long-term consequences of degraded ecosystems, but recovery patterns 
are poorly resolved. In this study, we investigated the tempo of biotic recovery by evaluating 
metazoan-algal reef assembly following the end-Permian mass extinction. We combined satel-
lite imagery analysis, field mapping, biostratigraphy, and quantitative petrography to assess 
recovery in the oldest-known and most stratigraphically extensive Lower to Middle Triassic 
platform-margin reef. The reef occurs in upper Spathian (upper Lower Triassic) to upper 
Anisian (lower Middle Triassic) strata of the Great Bank of Guizhou (GBG) isolated carbon-
ate platform in south China. Previous work suggests that metazoan-algal reefs were absent 
for 8–10 m.y. following extinction but were biologically diverse from their Pelsonian (middle 
Anisian) initiation. This pattern implies that reefs can reassemble rapidly (<< 1 m.y.) when 
environmental conditions are favorable. In contrast, our analyses indicate that calcareous 
sponges, calcareous algae, and early scleractinian corals occurred progressively in the GBG 
reef and that biotic recovery metrics increased gradually. Unlike nonreef ecosystems, biodiverse 
metazoan-algal reefs were delayed until the late Pelsonian or early Illyrian, postdating broader 
marine ecosystem recovery and isotopic evidence for carbon-cycle stabilization by 2–4 m.y. Our 
findings suggest that reef and nonreef ecosystems differ in their recovery pattern and tempo. 
Reef recovery from severe environmental perturbation can require several million years, even 
after hospitable conditions return, highlighting the importance of modern reef conservation.

INTRODUCTION
The pace of biotic recovery following extinc-

tion reflects the tempo of evolutionary processes 
and the potential long-term consequences of 
ecosystem degradation, but recovery patterns 
and rates are poorly constrained. The recovery 
of reef ecosystems from mass extinction offers 
the opportunity to assess the tempo of ecosys-
tem assembly following severe environmental 
perturbation and to evaluate how recovery tempo 
differs for biodiverse ecosystems with high lev-
els of integration. During the end-Permian mass 
extinction, Paleozoic reef builders, including 
rugose and tabulate corals, calcareous sponges, 

and calcareous algae, suffered total or near-total 
extinction (Flügel, 2002). In the aftermath, bio-
diverse metazoan-algal reefs were absent for 
8–10 m.y. (Martindale et al., 2019). The rede-
velopment of biodiverse reefs is considered a 
final step in marine ecosystem recovery from 
extinction (Erwin, 1998), but the pattern and 
tempo of metazoan-algal reef recovery in the 
aftermath of the end-Permian extinction remain 
poorly constrained, leaving the broader Triassic 
recovery pattern unresolved.

Triassic reef recovery (Fig. 1) is character-
ized as a stepwise progression from Lower Trias-
sic microbial to Middle Triassic metazoan-algal 
reefs (Stanley, 1988; Flügel, 2002; Martindale 
et al., 2019). Lower Triassic buildups character-
ized as reefs are dominated by microbial mounds 
and rare meter-scale buildups of sponges or 

bivalves, but scleractinian corals are absent (e.g., 
Pruss et al., 2007; Brayard et al., 2011; Marenco 
et al., 2012; Heindel et al., 2018; Baud et al., 
2021). In contrast, Anisian (lower Middle Trias-
sic) reefs include a greater diversity of frame-
work builders, including calcareous sponges, 
calcareous algae, and the earliest scleractinian 
corals (Flügel, 2002). These biodiverse assem-
blages of metazoans and algae—more broadly 
recognized as reefs—have not been observed in 
strata older than the Pelsonian (middle Anisian) 
(Morycowa and Szulc, 2010). The recurrence 
of coral-sponge-algal reefs has been regarded 
as geologically rapid (Flügel and Senowbari-
Daryan, 2001; Flügel, 2002), implying that bio-
diverse benthic ecosystems with high levels of 
integration can develop over geologically short 
time scales (<<1 m.y.). Alternatively, the appar-
ently rapid reassembly of metazoan-algal reefs 
could result from limitations of the fossil record 
because lower Mesozoic reefs are rare and lim-
ited in stratigraphic extent (Fig. 1).

In this study, we assessed the timing and 
tempo of metazoan-algal reef recovery from 
the end-Permian extinction in the most strati-
graphically extensive and oldest Triassic plat-
form-margin reef—the Great Bank of Guizhou 
(GBG) reef in south China (Figs. 1 and 2). The 
GBG reef provides an opportunity to constrain 
Triassic reef recovery because of its exceptional 
exposure, upper Spathian to upper Anisian 
stratigraphic range, biostratigraphic constraints 
from foraminifers, and chemostratigraphic con-
straints from δ13C analyses (Kelley et al., 2020). 
In addition, a biostratigraphic and geochrono-
logic framework from the adjacent Guandao 
basin-margin section (Lehrmann et al., 2015; 
Altıner et al., 2021) provides a robust reef age 
model.*brian .kelley@psu .edu
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GEOLOGIC SETTING
The GBG is a Changhsingian (upper-

most Permian) to lower Carnian (lowermost 
Upper Triassic) isolated carbonate platform 
in the Nanpanjiang Basin of south China 
(Figs. 2A–2C). The platform margin at Bian-
yang is exceptionally exposed in cross section 
by exhumation along a syncline (Figs. 2D and 
2E). The reef initiated in the upper Spathian 
(Payne et al., 2006) and persisted in situ to 
upper Pelsonian or lower Illyrian strata (Kelley 
et al., 2020), reaching a stratigraphic thick-
ness of ∼900 m (Lehrmann et al., 1998). The 
reef facies is characterized by the occurrence 

of Tubiphytes boundstone. Tubiphytes is an 
automicritic fossil of uncertain taxonomic 
position (Senowbari-Daryan, 2013), attributed 
to microbial micrite precipitation associated 
with uncalcified algae (Payne et al., 2006). 
The reef reflects two depositional intervals, 
as indicated by progradation of the Upper Reef 
facies (Fig. 2E), with an uncertain potential 
depositional hiatus between the two intervals. 
The reef facies is relatively continuous around 
the GBG margin (Lehrmann et al., 1998) and 
was deposited along prograding slope clino-
forms from the outer margin to the lower slope 
(Kelley et al., 2020).

METHODS
To assess GBG reef development, we inte-

grated WorldView-1 satellite imagery analysis, 
field observations, foraminifer biostratigraphy, 
and quantitative petrography. Although discon-
tinuous exposure and the rarity of field-observ-
able reef bedding prevented sampling along 
linear stratigraphic sections, sample locations 
were constrained by global positioning system 
(GPS) measurements, satellite imagery, and top-
ographic maps. Samples were placed in strati-
graphic order (Fig. 3A) using bedding observed 
in satellite imagery (Fig. 3B). Although this 
approach introduced uncertainty in stratigraphic 
position, an error of 25 m (for example) repre-
sents a stratigraphic error of only ∼2%. Errors 
of this size would not substantially alter trends 
in fossil occurrences or recovery metrics, and the 
integrated positioning approach makes errors of 
greater magnitude unlikely.

The reef was subdivided into three zones 
(Fig. 3) to determine if statistically significant 
changes in recovery metrics occur across adjacent 
zones (more rapid recovery) or nonadjacent zones 
(more gradual recovery). The reef zones included 
zone 1 (reef base to the first occurrence of meta-
zoan framework), zone 2 (metazoan framework 
to the base of the Upper Reef), and zone 3 (Upper 
Reef). These zones represent the most evident 
transitions in reef composition, making the zonal 
statistical analyses more conservative.

To document fossil occurrences, abundance, 
and body size, we combined field observations 
with petrographic analysis of 164 hand samples 
and thin sections. Fossil occurrences were tabu-
lated (Fig. 3), and well-preserved reef boundstone 
was selected for point counting (32 samples; 300 
points per sample) using the grain-solid method 
(Flügel, 2010). We estimated body size by mea-
suring fossils along their maximum linear dimen-
sion, a metric that explains ∼85% of the variance 
in fossil volume (Novack-Gottshall, 2008).

Figure 1. Early Meso-
zoic reef stratigraphic 
ranges, based on Flügel 
(2002), Martindale et  al. 
(2019), Baud et al. (2021), 
Wu et  al. (2022), Heuer 
et  al. (2022), and refer-
ences therein, with δ13C 
values from Payne et al. 
(2004). Abbreviations: 
Pan.—Panthalassa; Lon-
gobar.—Longobardian; 
Aeg.—Aegean; Bith.—
Bithynian; VPDB—Vienna 
Peedee belemnite; GBG—
Great Bank of Guizhou.
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Figure 2. Geologic setting, modified from Scotese (2014) and Kelley et al. (2020). (A) Early Mesozoic paleogeography. (B) South China block 
and Nanpanjiang Basin. Red square is extent of C. (C) Nanpanjiang Basin detail and Great Bank of Guizhou (GBG) location. (D) Bianyang and 
GBG platform-margin location. Red square is extent of E. (E) Platform and reef architecture.
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Figure 3. (A) Biota occurrences. (B) Reef facies extent and sample locations on WorldView-1 satellite imagery. Reef foraminifer zones are 
based on Altıner et al. (2021). Abbreviations: Spa.—Spathian; Aeg.—Aegean; M. pusilla—Meandrospira pusilla; M. din.—Meandrospira dinarica; 
P. densa—Pilammina densa; A.? eotriasicus—Aulotortus? eotriasicus; T. mesotriasica—Turriglomina mesotriasica; Hoyenella gr. sinensis—Hoy-
enella grege sinensis.
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RESULTS
The biotic composition of the GBG reef 

differed as a function of stratigraphic height 
(Figs.  3A and 4). Cement and Tubiphytes 
dominated the zone 1 reef facies (Figs. 4A–
4D; Table S1 in the Supplemental Material1). 
Zone 2 contained denser occurrences of Tubi-
phytes and larger, more morphologically com-
plex specimens (Figs. 4E and 4F). The lowest 
stratigraphic occurrence of identifiable reef-
building metazoans (calcareous sponges) coin-
cides with the base of zone 2, 365 m above the 
reef base (Figs. 3 and 4G–4I). Sponges made 
only a minor volumetric framework contribu-
tion (typically <1%) to zone 2 samples, and 
they exclusively occurred on the middle to 
lower slope until zone 3 (Figs. 3 and 4G–4I; 
Table S1). Zone 3 samples contained larger 
Tubiphytes and sponges (Figs. 4J and 4K), the 
first framework-contributing calcareous algae 
(Fig. 4L; 665 m above the reef base), and the 
first scleractinian corals (Figs. 4M and 4N; 
895 m above the reef base). The stratigraphic 
position of the first-occurring scleractinian cor-
als was consistent between field (F-1; Figs. 3 
and 4M) and sample observations (sample 43; 
Figs. 3 and 4N). Cement volume decreased 
with stratigraphic height as biotic framework 
(Fig. 4O; Table S1) and metazoan-algal frame-
work (Fig. 4P; Table S1) increased. Zone 1 
and 2 samples contained 1–3 groups of frame-
work builders (Fig. 4Q), typically represented 
by Tubiphytes and sponges. Taxonomic rich-
ness and evenness increased in zones 2 and 
3 (Figs.  4Q and 4R; Table S1), with zone 
3 samples containing 2–4 framework taxa 
(Fig. 4Q). Zone 1 and 2 framework-builder size 
was <17 mm. In zone 3, the maximum size 
of non-scleractinian framework builders was 
∼40 mm (Fig. 4S). The first-occurring scler-
actinian coral colonies (Figs. 3, 4M, and 4N) 
were larger than all other framework builders 
(up to ∼60 cm; not shown in Fig. 4S).

Differences in recovery metrics among reef 
zones 1–3 were generally statistically signifi-
cant (one-way analysis of variance [ANOVA]; 
see supplemental text and Table S2). Tukey 
post-hoc calculations indicated that only non-
adjacent zones (1 and 3) differed significantly. 
Break points in recovery metrics were generally 
asynchronous, but the first occurrence of meta-
zoan framework (∼365 m) and the shift to the 
Upper Reef facies (∼605 m) were influential 
(Figs. 4O–4S).

DISCUSSION
The stepwise first occurrences of reef-build-

ing taxa, gradual increases in recovery metrics, 

and statistically significant differences in those 
metrics across only nonadjacent reef strati-
graphic zones (Figs. 3 and 4O–4S; Table S2) 
suggest gradual assembly of Triassic metazoan-
algal reefs. The timing of coral-sponge-algal 
reef framework development suggests delayed 
recovery until the upper Pelsonian or lower Illyr-
ian, 2–4 m.y. after Bithynian carbon-cycle sta-
bilization (Payne et al., 2004), Spathian global 
cooling to less extreme or variable temperatures 
(Sun et al., 2012), lowered atmospheric pCO2 
(Berner, 2006), and the reduced extent and fre-
quency of anoxic conditions (Lau et al., 2016) 
(Figs. 1, 3, and 4).

Although the GBG reef represents only one 
example of Triassic reef development, it is the 
only known upper Spathian to upper Anisian 
platform-margin reef, and the biotic compo-
sition of other Anisian reefs with overlapping 
stratigraphic intervals suggests that it might be 
representative. For example, preliminary evalu-
ations of coeval Yangtze Platform reefs north 
of the GBG indicate similar biotic occurrences 
(Payne et al., 2006). Beyond south China, the 
next-oldest Anisian reefs are the upper Bithynian 
North Dobrogea reef (Romania) and the Nakhlak 
carbonate mounds (Iran). In Romania, a meta-
zoan-algal reef framework is absent, but bryo-
zoans and sponges occur in reef sediment (Popa 
et al., 2014). In Iran, cement and Tubiphytes 
dominate the reef framework, but sponges also 
occur (Berra et al., 2012), similar to the coeval 
GBG reef composition.

Previous interpretations of rapid middle 
Anisian metazoan-algal reef recovery in 
the Western Tethys region (e.g., Flügel and 
Senowbari-Daryan, 2001; Flügel, 2002) 
could reflect less favorable early Anisian 
depositional environments or the limitations 
of the Lower Triassic to lower Anisian car-
bonate stratigraphic record. A regional low-
stand reduced accommodation and delayed 
carbonate platform development in the West-
ern Tethys Ocean through the earliest Anisian 
(Emmerich et al., 2005). Thus, Anisian reefs 
there could reflect a later, more advanced 
stage of Triassic reef recovery that postdates 
much of the GBG reef.

In contrast to reefs, other benthic ecosys-
tems and nektonic organisms such as conodonts, 
ammonoids, and fish show signs of more rapid 
Early Triassic diversification (e.g., Brayard 
et al., 2009; Dai et al., 2023). The absence of 
biodiverse metazoan-algal reefs during the same 
intervals implies that reef recovery required 
more favorable or stable environments, and 
the high preservation potential of reef-building 
organisms suggests that the observed reef pat-
tern does not result from a biased fossil record. 
Alternatively, metazoan-algal reef recovery 
could have been delayed by the time required for 
the origination of new reef-building taxa or the 
advent of calcification in existing taxa, such as 

the soft-bodied cnidarians that likely preceded 
scleractinian corals (Stanley, 2003).

Finally, although Middle Triassic reef recov-
ery has been attributed to the development of 
high-relief platform topography and its impact 
on cementation (Velledits et al., 2011; Martin-
dale et al., 2019), Early Triassic GBG platform-
margin environments that lacked reefs were 
already characterized by high platform-to-basin 
relief (600 m; Kelley et al., 2020) and high car-
bonate saturation (e.g., Li et al., 2021), suggest-
ing that Triassic reef recovery was decoupled 
from platform topography.

SUMMARY AND CONCLUSIONS
Stepwise first occurrences in metazoan-

algal reef builders and slow increases in biotic 
recovery metrics indicate a gradual rather than 
geologically rapid Triassic reef recovery. The 
delay in recovery compared to nonreef ecosys-
tems suggests that reefs differ in their recovery 
tempo and might require more favorable or sta-
ble recovery environments. Our findings imply 

1Supplemental Material. Statistical analyses and 
tables. Please visit https://doi .org /10 .1130 /GEOL 
.S.23751168 to access the supplemental material, and 
contact editing@geosociety .org with any questions.

Figure 4. (A–N) Reef lithology and biota. Thin-
section photomicrographs unless otherwise 
indicated. (A–D) Reef zone 1; (E–I) reef zone 
2; (J–N) reef zone 3. Abbreviations: Tb—Tub-
iphytes; Sp—sponge; Ca—calcareous alga; 
Sc—scleractinian coral. (A) Reef exposure. (B) 
Outcrop example of reef framework. Dark-gray 
masses contain Tubiphytes. Light-gray to white 
masses are early marine cement. (C) Zone 1 
Tubiphytes and cement boundstone. (D) Detail 
of yellow rectangle in C. (E) Zone 2 boundstone 
with denser occurrences of larger Tubiphytes 
specimens. (F) Detail of yellow rectangle in E 
showing increased size and morphological 
complexity of zone 2 Tubiphytes specimens. 
(G–I) Sample 71 Tubiphytes and calcareous 
sponge boundstone. (G) Tubiphytes-sponge 
boundstone framework. (H) Sponge detail of 
yellow rectangle in G. (I) Sponge detail. (J) 
Zone 3 boundstone showing larger and denser 
accumulations of Tubiphytes. (K) Larger and 
more volumetrically abundant zone 3 sponges. 
(L) Probable calcareous alga. Sample 93. (M) 
Outcrop colonial scleractinian coral specimen. 
(N) Scleractinian coral and Tubiphytes bound-
stone. (O–S) Reef-recovery metrics, with δ13C 
values from Payne et al. (2004). Age model is 
based on Lehrmann et al. (2015), Kelley et al. 
(2020), and Altıner et al. (2021). Summarized 
and simplified changes in temperature, anoxia, 
and pCO2 are based on Sun et al. (2012), Lau 
et al. (2016), Lehrmann et al. (2022), and Berner 
(2006). Orange lines in parts O to S represent 
Jenks natural break points. (O) Percentage of 
within-sample biotic reef framework points. 
(P) Percentage of metazoan, calcareous algae, 
or unidentifiable metazoans and calcareous 
algae in biotic reef framework points. Total 
biotic framework includes Tubiphytes. (Q) 
Taxonomic richness of Tubiphytes, sponge, 
calcareous alga, coral, and unidentified frame-
work builders. (R) Framework evenness. (S) 
Maximum linear dimension of the largest 
within-sample framework builder. Olenek.—
Olenekian; Spa.—Spathian; Aeg.—Aegean; 
Bith.—Bithynian; VPDB—Vienna Peedee 
belemnite.
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that the degradation of modern reef ecosystems, 
if ultimately severe enough, could require a reef 
recovery interval lasting as long as several mil-
lion years.
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