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Abstract
Census-based approaches to reefal carbonate budgets are increasingly being used to project the near-future fate of tropical 
coral reefs. Some of the census parameters are difficult to achieve in fossil reef systems, which may be the reason why no 
census-based estimates of fossil reef carbonate production have been published until now. Here, we apply a census-based 
estimate of gross carbonate production in two reef systems from southeastern Italy to (1) test if reasonable estimates are pos-
sible and (2) assess the variability of carbonate production rates over time and reef environment. We confirm that estimates 
of late Oligocene and late Miocene reef gross carbonate production are within the range of modern coral reefs with the late 
Oligocene reef front showing the greatest carbonate production (6.1 ± 1.3 kg  CaCO3  m−2  year−1) and the late Miocene reef 
front exhibiting the lowest production (1.7 ± 0.5 kg  CaCO3  m−2  year−1). The decline of reef carbonate production from the 
Oligocene to the Miocene is accompanied by a decline of reef builder biodiversity but driven by the lower coral cover and 
coral growth rates in the Miocene. The decline of reefal carbonate production may be related to late Cenozoic cooling.
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Introduction

Suffering from direct human impacts and climate change, 
several modern tropical coral reefs have low or even nega-
tive accretion rates (i.e., erosion surpassing reef growth), 
which renders them vulnerable to near-future sea-level rise 
(Perry et al. 2018). Although sea-level rise is unlikely to 
lead to complete reef drowning within centuries, evidence 
from the geological past confirms that the drowning of reefs 
and carbonate platforms was a widespread phenomenon. The 
exact interplay between the rate of sea-level rise and reef 
growth rate is difficult to constrain in the geological record 
(Schlager 1981). This difficulty is partly due to the time-
scale dependence of most rates that are observed in nature.

For example, there is a power-law relationship between 
the timespan of observation and measured sediment accu-
mulation rates and reef growth rates (Sadler 1981; Schlager 
1999; Kemp 2012). The scaling effect is mainly due to hia-
tuses or times of slow accumulation, which intervene with 
times of rapid sediment accumulation or reef accretion. 
Scale-dependency is a considerable problem for comparing 
past and present accretion rates. Dividing the thickness of 
a reef by the timespan over which the reef grew will lead 
to severely underestimated maximum reef accretion rates.

Census-based estimates of reefal carbonate production 
are quantified from the reef biota coverage and their growth 
rates (Lange et al. 2020). Unlike other estimates of net accre-
tion rates, the census-based approach is designed to provide 
a snapshot estimate of reef growth capacity and is thus not 
prone to the scaling effect. Comparing carbonate produc-
tion rates across sites can thus provide insights into optimal 
growth conditions or reef health. A carbonate budget is the 
quantitative assessment of the inputs and outputs of carbon-
ate within the active carbonate-producing environment and 
is typically expressed as a measure in kg  CaCO3  m−2  year−1 
(Perry 2011).
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Establishing the carbonate budget of reefs has a long tra-
dition (Chave et al. 1972; Hubbard et al. 1990), and census-
based budgets have now reached methodological maturity 
(Perry et al. 2008, 2012, 2015, 2018). The most important 
variables determining gross production are calcification 
rates, life cover, and reef rugosity. Rugosity is a measure of 
topographic complexity. Life cover refers to any reef builder, 
in Cenozoic reefs usually stony corals and crustose coralline 
algae (Perrin and Kiessling 2010). Similarly, calcification 
rate refers to the calcification of the prevailing reef builders, 
which depends on growth rate and skeletal density (Lough 
2008; Lough and Cooper 2011). Importantly, reef growth is 
only weakly tied to coral growth (Dullo 2005) and even reefs 
dominated by fast-growing corals can suffer from a negative 
carbonate budget (Edinger et al. 2000). Losses of carbonate 
due to bioerosion and mechanical breakdown are also part 
of the reef budget controlling the net accumulation and thus 
actual reef growth.

Here, we apply for the first time a census-based reef 
budget approach to fossil reefs. We studied two Cenozoic 
reef systems in southeastern Italy to showcase the applica-
bility of the method and its limitations. The method yields 
reasonable estimates of gross carbonate production and can 
potentially be applied to other fossil reefs as well.

Materials and methods

Geological setting

We studied two reef systems in Salento, Apulia, southeastern 
Italy (Fig. 1), which developed along the eastern margin 
of the Apulia Platform (Bosellini et al. 1999). The older 
reef system is of late Oligocene (middle-late Chattian) age, 
whereas the younger reef system belongs to the late Miocene 
(early Messinian) age.

The Oligocene reef system is represented by the Castro 
Limestone and has been mainly interpreted as a fringing 
reef (Bosellini and Russo 1992; Bosellini et al. 2002, 2021; 
Bosellini 2006), albeit with a distinct backreef lagoon. 
The thickness of this Chattian reef complex ranges from 
a minimum of 5 m on the platform top to a maximum of 
about 80–100 m along the slope, depending on the avail-
able accommodation space at the time of deposition. The 
reef shows a well-preserved lateral zonation of reef sub-
environments across its profile: a lagoonal back reef, a reef 
flat, a reef front, and finally a reef slope (Fig. 1).

The Miocene reef system is represented by the Novaglie 
Formation and is largely constructed by a single genus of 
reef corals: Porites (Bosellini et al. 2001). Porites colonies 
are columnar or massive and accompanied by coralline 
algae, encrusting foraminifera, vermetids, and bryozoans 
(Bosellini 2006). The Messinian slope reefs are constructed 

by the same organisms as the more proximal reefs, but 
additional components contributed to their construction, 
such as Halimeda (packstones and mounds), serpulids, bio-
clastic calcarenites, coral breccia, and rhodolite float- and 
rudstones.

The two fringing reef systems grew, in different times, 
along the eastern margin of the Apulia Platform, which 
remained stable and undeformed from the Cretaceous until 
the Late Miocene (Bosellini et al. 1999) (Fig. 2). Therefore, 
the physiographic setting was nearly identical, allowing a 
comparison not biased by different local depositional factors 
(Bosellini 2006).

Study sites

We studied six sites in detail, three from the Oligocene reef 
system and three from the Miocene (Fig. 1, Table 1). Sites 

Fig. 1  Study sites in Salento (Apulia, Italy). The Oligocene (Chat-
tian) sites are indicated with circles, the Miocene (Messinian) sites 
with squares
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have been selected to represent different reef environments, 
which can be found in both time slices. Reef framework 
was only encountered at three sites and we limit our census-
based estimates of carbonate production to those three sites 
(Table 1).

Among the Oligocene sites, the backreef is best devel-
oped at a roadcut in Vitigliano, where scattered corals 
are in growth position within bioclastic packstones and 

grainstones. This site was suitable for line transects and 
growth rate analyses. The Oligocene reef front is beautifully 
exposed above Santa Cesarea in a roadcut. Here a nearly 
6 m thick coral framework with large corals is preserved. 
The framework is locally quite dense (up to 64% of coral 
cover) and built by a diverse coral fauna (at least 13 genera 
recognized in the field) with dominantly massive growth 
forms and some coralline algae (Bosellini et  al. 2021). 

Fig. 2  Stratigraphic architecture of eastern Salento Peninsula (modi-
fied after Bosellini et  al. 1999). (1) Upper Cretaceous substrate; (2) 
Eocene limestones; (3) Castro Limestone Fm. (middle-upper Chat-
tian); (4) Uppermost Chattian limestones; (5) Serravallian-Tortonian 
hardground; (6) Novaglie Fm. (lower Messinian); (7) Andrano Cal-

carenites (lower Messinian); (8) Upper Messinian to Lower Pleis-
tocene deposits (modified after Bosellini et  al. 1999). Studied reef 
systems are from the Castro Formation and from the Novaglie Forma-
tion, respectively

Table 1  Names, reef area 
type and coordinates of the 
six locations where growth 
bands were measured. Colored 
locations are those that allowed 
a reconstruction of a reef budget

Locality Reef area Age

Number of line 

transects/rugosity 

measurements

Coordinates (latitude, 

longitude in decimal 

degrees)

Vitigliano (V) Back reef
Oligocene 

(Chattian)

4/0
40.040, 18.417

Santa Cesarea 

(SC)
Reef front

Oligocene 

(Chattian)

8/10
40.040, 18.443

Porto Miggiano 

(PM)

Proximal 

reef slope

Oligocene 

(Chattian)

6/0
40.035, 18.445

Tricase (T) Back reef
Miocene 

(Messinian)

6/0
39.922, 18.368

Ciolo - Gagliano 

del Capo (CG)
Reef front

Miocene 

(Messinian)

7/2
39.847, 18.385

Leuca cape (LC)
Proximal 

reef slope

Miocene 

(Messinian)

4/3
39.799, 18.372
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The proximal fore reef at Porto Miggiano is dominated by 
reworked coral colonies and fragments. Due to the lack of 
in-situ framework, we report coral growth rates but refrain 
from a carbonate budget assessment.

The corresponding Miocene sites were Tricase (backreef), 
Ciolo-Gagliano (reef front), and Leuca cape (proximal fore 
reef). Similar to the Oligocene, the backreef is dominated 
by sediment (marly in Tricase). Reef budgets were estimated 
in the reef front and proximal fore reef. The former (Ciolo-
Gagliano) is characterized by massive and columnar Porites 
with high in-situ coral cover, whereas the latter (Leuca cape) 
is a Porites pillarstone. Work at Ciolo-Gagliano was difficult 
owing to a stone chip grid protecting the road.

Census approach

Census-based methods in reef systems estimate the carbon-
ate production in kg  m−2  year−1 based on the growth den-
sity, growth rate and skeletal density of carbonate produc-
ing organisms. In addition, the morphological complexity of 
the reef framework (rugosity) is used as a multiplier. These 
variables can be evaluated with a large suite of methods 
one of which is the line intercept method, which is an accu-
rate method to evaluate coral cover in living reefs (Jokiel 
et al. 2015) and can be applied in fossil reefs (Mewis and 
Kiessling 2013). We applied the equations of Perry et al. 
(2012) to estimate reef carbonate production rates. Because 
corals were the only prolific reef builders (see results), we 
equated coral production with reef production  (Pg).

where: R = Rugosity of transect, measured as the ratio of 
surface distance relative to linear distance,  Xi = Mean % 
cover of ith coral species,  Di = Skeletal density (g  cm−3) of 
the ith species,  Gi = Growth rate (cm  year−1) of the ith spe-
cies,  Pg is estimated in kg  CaCO3  m−2  year−1.

To collect the required parameters, we used line transects 
to evaluate the coral cover and the ratio of the line length 
attached to a paleo-reef surface to the shortest distance as an 
estimate of reef rugosity. Coral growth rates were measured 
along transects (also outside transects but always within the 
same setting), whereas coral skeletal density could only be 
taken from the literature.

Mean by-species coral cover was assessed using line tran-
sects, performed with a 10 m long rope marked every 10 
cm. The rope was fixed randomly across the reef outcrop at 
different horizons but was biased by accessibility. The com-
ponents at every mark were identified and noted; unidenti-
fied components were disregarded. These data were used to 
calculate the coral cover percentage for each genus for each 
sampled reef site. Corals could usually only be identified to 
the genus level, which is our taxonomic resolution. Tran-
sect data were averaged within sites to calculate mean coral 
cover. A total of 35 line transects were measured (Table 1).

Rugosity was measured with a rope that was aligned as 
closely as possible with the former reef surface at a given 
time (Fig. 3c, d). Rugosity is expressed as the ratio between 
the length of the surface-aligned rope and the shortest 

(1)
Pg = Σ

(

R ×
((

Xi∕100
)

×
((

Di × Gi × 10, 000
)

∕1000
)))

,

Fig. 3  Establishing census 
components in the field. A. 
Porites colony with distinct, 
weathering-enhanced growth 
bands (Chattian backreef, 
Vitigliano). B. Close-up of a 
Porites showing the inferred 
annual growth bands (Chattian 
reef front, Santa Cesarea). C, D 
Transects for rugosity estimates 
in the Chattian reef front, Santa 
Cesarea. C with high rugosity 
and D with low rugosity. The 
rope aligned with the former 
reef surface is enhanced by a 
thick red line for clarity
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distance between the rope’s endpoints. The lowest pos-
sible rugosity value is thus 1. The assessment of rugosity 
requires exceptional outcrop conditions with identifiable 
time horizons, which limited the number of sites for which 
 Pg could be assessed (Table 1). Because empirical rugosity 
estimates varied substantially, we only provide reef produc-
tion estimates when in-situ framework was present. Rugo-
sity estimates were averaged within sites. We notice that 
our approach is close to the original reef budget approach 
of Perry et al. (2012), but does not consider the revised 
approach to measure the size and morphology of individual 
coral colonies instead of a transect-wide average of rugo-
sity (Perry et al. 2015). First, not all corals had the required 
preservation to quantify morphology and second the great 
majority of corals were massive or columnar in all reef sys-
tems. Any bias from the gross-estimate of rugosity, will thus 
similarly affect all assessed sites.

Coral growth rates are readily accessible in outcrop 
(Fig. 3a,b). While the assumption that diagenetically altered 
growth bands are annual could not be tested, the regular-
ity and spacing render annual cycles plausible. Reuter et al. 
(2005) have demonstrated how pristinely preserved annual 
growth bands are diagenetically transformed into coarsely 
recrystallized bands alternating with voids. Counterintui-
tively, the original high-density bands (reflecting low exten-
sion rate) are turned into voids, whereas the low-density-
bands (reflecting high extension rates) are diagenetically 
transformed into massive calcite bands. We used a caliper 
to measure the distances between the bottom of a high-den-
sity growth band (weathered) and the top of a low-density 
growth band (resistant). A total of 1450 growth lines from 
98 corals have been measured in the field. Coral growth rates 
are reported as genus by site means with standard errors.

Due to the lack of aragonite preservation, skeletal bulk 
density could not be determined in any of the corals. In 
general, the determination of skeletal density requires 

exceptional preservation (Brachert et al. 2013, 2020, 2022), 
which is not observed in Salento. We chose to take density 
estimates from the recent literature as provided by the Coral 
Trait Database (CTD, Madin et al. 2016). Table 2 provides 
details how missing values have been handled.

Diversity

Diversity data are reported as number of genera (S) and the 
Shannon–Wiener Index (H) where H = − Σpi × ln(pi). The 
term  pi refers to the proportional abundance of each genus 
to the total coral assemblage.

Results

Across all sites and corals, growth rates range between 
0.01 and 1.2 cm  year−1, with an average of 0.28 cm  year−1 
(median 0.24 cm  year−1). By-coral growth rates are nearly 
twice as high in the Oligocene (0.32 cm  year−1) as in the 
Miocene (0.17 cm  year−1) (Table 3). Growth rates of Porites 
were more than twice as high on average in the Oligocene 
(0.38 cm  year−1) as in the Miocene (0.17 cm  year−1). In the 
Oligocene, columnar and branching corals such as Porites 
and Tarbellastraea had higher growth rates than massive 
corals (Table 3).

Overall, we encountered 11 genera in line transects: 
Actinacis, Astreopora, Caulastraea, Favites, Hydnophora, 
Montastraea, Pavona, Porites, Siderastrea, Stylophora, 
and Tarbellastraea (Fig. 4). Diversity is highest in the 
Oligocene specifically in the reef front (S = 7, H = 1.29) 
and proximal reef slopes (S = 7, H = 1.35). Actinacis and 
Porites prevail in the reef front at S. Cesarea, but Favites 
is also common. Only one or two coral genera appeared in 
the Miocene transects, which are strongly dominated by 

Table 2  Handling of missing data

Missing data Missing data Source

Porites Skeletal bulk density Mean calculated from modern data (Coral Trait Database)
Actinacis Skeletal bulk density No sources → same as Porites
Favites Skeletal bulk density Mean calculated from modern data of Goniastrea (Coral Trait Database)

Growth rate Mean calculated from modern data (Coral Trait Database)
Stylophora Skeletal bulk density Mean calculated from modern data (Coral Trait Database)

Growth rate Mean calculated from modern data (Coral Trait Database)
Tarbellastraea Skeletal bulk density Has higher density than Porites (Giannetti et al. 2020)
Hydnophora Skeletal bulk density Mean calculated from modern data (Coral Trait Database)

Growth rate Mean calculated from modern data (Coral Trait Database) (Morgan and 
Kench 2012)

Montastraea Skeletal bulk density Mean calculated from modern data (Coral Trait Database)
Growth rate Mean calculated from modern data (Coral Trait Database)
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Table 3  Coral growth rates (in 
cm  year−1) at the investigated 
sites (means ± standard error)

Site Porites Actinacis Tarbell-
astraea Pavona Astreopora Weighted 

mean

Oligocene

back reef

0.335 ±

0.008
0.198 ±0.009

0.308 ± 

0.011

0.179 ± 

0.016
-

0.287 ± 

0.007

Oligocene

reef front
0.44 ± 0.015

0.369 ± 

0.015
- -

0.270 ± 

0.018

0.363 ± 

0.002

Oligocene

proximal slope

0.211 ±

0.017
- - - -

0.209 ± 

0.009

Total 
Oligocene

0.381 ±

0.009

0.230 ±

0.009

0.308 ± 

0.011

0.179 ± 

0.016

0.270 ± 

0.018
0.317 ± 
0.005

Miocene

back reef

0.142 ± 

0.004
- - - -

0.142 ± 

0.004

Miocene

reef front

0.172 ± 

0.005
- -

-
-

0.172 ± 

0.005

Miocene

proximal slope

0.160 ± 

0.006
- - - -

0.160 ± 

0.006

Total Miocene 0.165 ± 

0.003
- - - -

0.165 ± 
0.003

Fig. 4  Examples of corals 
encountered in the field. A 
Montastraea, B Stylocoenia, C 
Alveopora, D Favites 
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Porites. Coral abundance varies from 17% in the Miocene 
backreef to 56% in the Oligocene reef front at S. Cesarea.

In-situ preservation of corals only occurs at three sites, 
for which we identify 56 ± 2% cover at S. Cesarea (Oligo-
cene reef front), 40 ± 3% cover at Ciolo-Gagliano (Mio-
cene reef front), and 35 ± 4% cover at Leuca (Miocene 
proximal slope) (Fig. 5). Within these sites, non-coral 
carbonate producers (mostly coralline algae) occurred as 
well, but with less than 1% cover. The same applies to 
bioerosion. Among all 899 points in line transects of the 
three sites, only one hit a bivalve macroboring. Clionid 
borings were also observed but not encountered in line 
transects. The bulk of the non-coral constituents is formed 
by bioclastic sediment (Fig. 5).

Rugosity was highest in the Miocene proximal reef slope, 
but rugosity values of the Oligocene and Miocene reef fronts 
were nearly identical (Fig. 6). Together with the estimated 
skeletal bulk densities of corals, we applied Eq. (1) to com-
pute the reefal carbonate production by site. We achieve 
6.05 ± 1.31 kg  CaCO3   m−2   year−1 in the Oligocene reef 
front, 1.67 ± 0.47 kg  CaCO3  m−2  year−1 in the late Miocene 

reef front, and 2.48 ± 0.62 kg  CaCO3  m−2  year−1 in the Mio-
cene proximal slope (Fig. 7).

Discussion

Credibility of results

Since this is the first study to apply a census-based approach 
to fossil reefs, we need to be critical and discuss potential 
caveats. Annual extension rates in our study appear to be 
much lower than in modern reef corals, even in the same 
genera. For example, the average growth rate of modern 
Porites in the CTD (Madin et al. 2016) is 13.7 mm  year−1, 
which is more than 3 times as much as the average Porites 
growth rate in the Oligocene reef front and 8 times as much 
as Porites in the Miocene reef front (Table 3). However, 
published growth rates from pristine Porites material in 
the Miocene of the Mediterranean (i.e. 2–4 mm  year−1 in 
the Late Miocene of Crete, Reuter et al. 2005; Brachert 
et al. 2006) are similar to our material, suggesting that our 

Fig. 5  Summary of transect 
data for sites with abundant 
corals in growth position. Error 
bars demarcate standard errors 
across transects within sites

Fig. 6  Rugosity assessment for 
sites with reef framework. Error 
bars demarcate standard errors 
of transects within sites
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measurements do represent annual growth bands and late 
Cenozoic coral growth rates in the Mediterranean were sub-
stantially lower than tropical growth rates today.

Given the differences in growth rates, our approach to 
take the missing bulk skeletal density data of our fossil cor-
als from extant representatives may be questioned. There is 
usually a negative correlation between growth rate and bulk 
density (Brachert et al. 2016, 2020). We would thus expect 
higher skeletal density of slower growing specimens of the 
same taxon. However, we argue that the introduced bias is 
probably negligible. For example pristine Eocene Astreo-
pora material showed both low growth rates and skeletal 
density (Brachert et al. 2022) substantially lower than our 
average assumed density values of 1.5 g  cm−3. While the 
total lack of skeletal bulk density data in our material is a 
major caveat, this is a caveat that will affect any studies of 
fossil reefs without aragonite preservation.

A final critical component of our assessment is reef 
rugosity. While the surfaces we measured for reef rugosity 
appeared like primary reef surfaces preserving biologically 
built relief, there is a possibility that these paleo-surfaces 
were enhanced by subaerial weathering rather than the bio-
logical creation of the reef framework. Some weathering is 
indeed apparent (Fig. 2C), but this is probably due to sub-
marine dissolution while the reef was still actively grow-
ing. Even if weathering has increased rugosity in the paleo-
reefs, this would not affect the key result of a substantial 
decline of carbonate production from the Oligocene to the 
Miocene. Rugosity values are even higher on average in the 
Miocene than in the Oligocene (Fig. 6) due to the columnar 
growth forms of the monogeneric Porites reef transects. The 
inferred decline of carbonate production is thus not due to 
rugosity but rather due to a lower coral cover (Fig. 5) and 
lower coral growth rates. Future census-approaches would 
also benefit from applying the revised reef budget approach 
(Perry et al. 2015) and assess the morphology of individual 

coral colonies instead of gross rugosity across the entire 
reef.

Overall, our estimated gross carbonate production rates 
fall within the interquartile range of the gross carbon-
ate production rates in modern reefs. Perry et al. (2018) 
estimated the reef budget of 1041 reef sites in the Carib-
bean and Indian Ocean and found a median gross produc-
tion of 3.08 kg  CaCO3  m−2  year−1 with the 25 percentile 
at 1.17 kg  CaCO3  m−2  year−1 and the 75 percentile at 6.8 
kg  CaCO3  m−2  year−1. In spite of all uncertainties, we thus 
argue that our estimates of reef carbonate production are 
plausible. How representative they are for reefal carbonate 
production in the Oligocene and Miocene of the Mediter-
ranean region is another question that is addressed in the 
last subsection.

Towards a full carbonate budget

To estimate a full carbonate budget, the destructive pro-
cesses need to be quantified and balanced against the con-
structive processes. In modern reefs, bioerosion is a key 
destructive force supplemented by mechanical breakdown 
(Hubbard et al. 1990; Lange et al. 2020). Assessing again 
the primary data of Perry et al. (2018) and excluding gross 
production values below the 25 percentile, the average ratio 
of bioerosion to gross production is 0.71, meaning that typi-
cally 71% of gross carbonate production is removed and net 
production is only 29% of gross production.

The low amount of macroscopically visible bioerosion 
suggests that bioerosion may have been negligible unless 
there was a lot of hidden bioerosion or dissolution. Bio-
erosion appears to be very low in our sites, less than 1%. 
In modern reefs, the bulk of bioerosion is from superficial 
attack such as parrotfish (Bellwood 1995; Perry et al. 2018), 
which is difficult to track in fossil material. However, parrot-
fishes (Scarinae) only emerged in the mid-Miocene and did 

Fig. 7  Estimated gross carbon-
ate production by site. Error 
bars demarcate standard errors 
of weighted means
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not diversify before the Pliocene (Choat et al. 2012), which 
renders it unlikely that they affected the studied reef systems. 
Sea urchins are another surface bioeroding component, but 
they only comprise 5.5% of reef bioerosion in modern reefs.

The large proportion of bioclastic sediment in the Salento 
reefs might indicate mechanical breakdown as a dominant 
destructive agent. However, the large proportion of bio-
clastic sediment can only partly be attributed to mechani-
cal breakdown of the reef framework, because the sediment 
contains numerous large foraminifers and cements in the 
Oligocene (Bosellini and Russo 1992) and Halimeda and 
smaller foraminifers in the Miocene (Bosellini et al. 2002). 
And even if all sediment were derived from mechanical 
breakdown, it is sediment that remained in the reef system 
and is thus not lost from the system. Also in modern reefs, 
more than 50% of the initial carbonate production may end 
up as bioclastic sediment of which more than 70% is retained 
in the reef (Hubbard et al. 1990).

While unknown rates of bioerosion and sediment export 
are currently limiting our ability to present a full carbon-
ate budget for the fossil reefs, we argue that the difference 
between gross and net carbonate production was lower than 
in most modern reefs. Unlike some modern reefs (Perry 
et al. 2018), fossil reefs must have had an overall positive 
carbonate budget before being buried. Reefs with a nega-
tive budget are unlikely to preserve as three-dimensional 
geological structures because they will be transformed into 
rubble beds.

Was there a genuine carbonate production decline 
from the Oligocene into the Miocene?

Among the three sites where a full assessment was feasible, 
we found that the maximum carbonate production was in 
the Chattian reef front. The Messinian reef had substantially 
lower carbonate production rates, particularly in the equiva-
lent reef front setting, where carbonate production was a 
72% lower than in the Chattian. It thus appears that there 
was a substantial decline in carbonate production from the 
Oligocene into the Miocene.

This result requires further discussion given that Late 
Miocene reefs are well developed, particularly in the western 
and central Mediterranean region (Esteban 1996; Cornacchia 
et al. 2021). Some authors argued that the Late Miocene was 
the birth of modern-style coral reefs with enhanced calcifica-
tion rates of reef corals due to a more efficient photosymbio-
sis (Pomar and Hallock 2007; Pomar et al. 2017). Oligocene 
reefs in contrast are known for the high coral diversity but 
less for extensive reef building (Bosellini 2006; Bosellini 
et al. 2021). For the Salento reef system, one paper even 
argued for a Chattian ramp situation with limited reef devel-
opment (Pomar et al. 2014).

We must stress again that a census-based estimate 
of carbonate production provides a snapshot estimate 
and may not be representative of reef accretion and reef 
growth in the longer run (Perry et al. 2008; Perry 2011; 
Januchowski-Hartley et al. 2017). Therefore, more massive 
Messinian reef development can stem from more sustained 
reef growth and less erosion in spite of reduced annual 
calcium carbonate production.

In addition, our data are localized and may not be rep-
resentative of the carbonate production of the broader reef 
system. The carbonate production of modern reefs var-
ies considerably even within the same sites. For example, 
according to the supplementary data of Perry et al. (2018), 
the gross carbonate production of one site at St. Croix in 
the Caribbean varies between 4.0 and 12.2 kg (n = 4, mean 
7.2)  CaCO3  m−2  year−1 in the same water depth and coral 
facies. Because our data are already averaged across sev-
eral transects, variation among should be modulated. How-
ever, given the huge variation of modern gross production 
rates even within larger areas, we cannot yet establish that 
the variation of gross carbonate production is greater in 
time than in space.

The drivers of our inferred Miocene decline in car-
bonate productions provide further insights: lower coral 
cover and lower coral growth rate. The significantly lower 
coral growth rates in the Miocene compared to the Oligo-
cene (Table 3) allow us to question the hypothesis of an 
increased coral calcification in the Late Miocene suggested 
by Pomar and Hallock (2007). Coral cover can locally 
reach higher values than encountered in our transects 
(Bosellini et al. 2002) and there are more non-coral car-
bonate producers such as red and green algae (Halimeda), 
and vermetids (Bosellini 2006). As these producers have 
not been considered in our calculation, the actual differ-
ence in carbonate production may be less than indicated. 
However, the reduced coral growth rates are robust to local 
variation and may alone be responsible for a 53% decline 
in carbonate production rates (61% when just considering 
Porites).

Both the reduced diversity and the reduced coral growth 
in the Late Miocene are probably governed by the same 
environmental drivers, namely the gradual northwards 
shift of the Mediterranean region outside the tropical belt 
and closure of the seaway with the Indo-Pacific, together 
with global cooling (Bosellini and Perrin 2008; Perrin and 
Bosellini 2012, 2013). The age of the Chattian reef has 
been placed within the Late Oligocene Warming Event 
(LOWE), from which a substantial cooling towards the 
Late Miocene is recorded (Westerhold et al. 2020). This 
cooling likely negatively affected coral diversity and their 
growth potential.
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Conclusions

New to fossil reefs, we applied a census-based approach to 
reconstruct the reefal carbonate production. We found the 
late Oligocene carbonate production values were more than 
three times greater than Late Miocene production values, 
probably due to global cooling. As Apulian reefs appear to 
be similarly well developed in the Oligocene and Miocene, 
this difference in snapshot carbonate production may have 
been balanced by a longer productive phase of Miocene reefs 
than Oligocene reefs.

A census-based approach to calcium carbonate pro-
duction can likely be applied to many fossil reefs. As this 
approach does not suffer from the scale-dependency of 
similar approaches to carbonate accumulation rates, census-
based carbonate budgets are a promising route to the recon-
struction of reef productivity in the deep-time past.
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