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Abstract. The globally preserved number and volume of an- in the quality of the geological record that the biological sig-
cient biogenic reefs is strongly biased by two factors: geo-nal is largely overprinted (Peters and Foote, 2001; Smith,
logical history and research intensity. These biases are suf2001; Crampton et al., 2003). However, little has been done
ficiently strong to cast doubts on the biological meaning ofto adjust for this bias in order to achieve biologically more
the recorded raw pattern. Without adjustment, it is hard tomeaningful patterns of diversity through geological time. For
reliably identify factors potentially controlling the waxing biodiversity, large-scale heterogeneities of sampling inten-
and waning of this important ecosystem through time. Al-sity can be balanced by subsampling techniques based on
though it is currently impossible to completely compensateweighted random draws from the available sampling pool
for the biases, | demonstrate here, based on a comprehensigalroy et al., 2001; Bush et al., 2004). Equivalent adjust-
database of ancient reefs, that spatiotemporal heterogeneiti@sents are more difficult when the unit of sampling is a bio-
of the biases can largely be evened out by: (1) omittinglogical community and the pattern of interest is abundance or
oceanic reef sites and reef sites only known from subsurfac@roductivity rather than diversity. These adjustments, how-
exploration; (2) standardizing for economic factors known ever, are an important prerequisite for meaningful analyses
to affect research intensity; and (3) adjusting for sedimen-at the ecosystem level.

tary cycling processes. The resulting curves of fossil reef Here | focus on the abundanc&’Y and volume V) of
abundance and volume appear quite different from the origtropical reefs through the Phanerozoic. These patterns pro-
inal ones but the patterns of waxing and waning of the timevide important proxies of the waxing of waning of a well-
series are not significantly altered and the overall volatility constrained marine ecosystem. Similar to biodiversity, there
is not reduced. This suggests that both the raw curves ani no hope to ever gain a reliable number of the true values

the adjusted curves correctly depict the basic timing of ma-at any particular time, but the preserved record must be stan-
jor reef blooms and declines. Nevertheless, the general padardized as much as possible.

tern of the new curves (maximum proliferation in the middle  The goal of this paper is to remove as much bias as

Paleozoic, decline thereafter) is more in line with patternspgssible from the time series & and V as recorded in

of global cratonic carbonate sedimentation than the originaly database on Phanerozoic reefs, the so-called PaleoReefs

curves. The adjusted curves should thus be preferred over th@atabase (Kiessling and iFgel, 2002; http://193.175.236.

original ones for future tests of potential extrinsic controls of 205/paleo/ ID=paleo; Password=reefs). Previous analy-

Phanerozoic reef development. ses of this database have found several significant cross-

correlations between environmental change and changes in

reef attributes but failed to detect extrinsic factors deter-

1 Introduction mi_ning_the waxing and Wan_ing of gl(_)ba_l r\_eef production
(Kiessling, 2002). It is possible that intrinsic factors such

The bias of the fossil record has repeatedly been empha@S biodiversity override the control of environmental factors
sized in the last few years. Most studies agree that recorde&liessling, 2005a) or the environmental factors are insuffi-

changes of biodiversity are so strongly governed by change§i€ntly resolved. However, it is as well possible that the
recorded time series &f andV are just too biased to reflect

Correspondence tdV. Kiessling the true pattern of Phanerozoic reef carbonate production
(wolfgang.kiessling@museum.hu-berlin.de) (Kiessling, 2005b). Thus the full appreciation of potential
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16 W. Kiessling: Unbiased estimate

that the calculated volumes are at least one order of magni-

tude lower than presumed true volumes, there is currently no

sound way to extrapolate these measured values using esti-
mates of extensions of reef tracts.

The recorded pattern of the number of reef sites and their
cumulative volume through time (Fig. 1) is a function of true
fluctuations and the sum of distorting factors. The severity
of these distortions has recently been quantified (Kiessling,
2005b), focusing on the effects of habitat area, the number of
oceanic reefs, reservoir potential, and socioeconomic factors.
Socioeconomic factors, most importantly economic produc-
tivity per unit area, were identified as introducing the most
severe bias in the recorded number and volume of ancient
reefs, but the other factors are also likely to distort the bi-
ological signal. What was missing in the previous analysis
was an approach towards compensation of these biases, in
order to reconstruct a more realistic time series.

Here | present methods and results of an adjustment in four
Age (Ma) logical steps. The first step is an omission of reef sites with
low preservation potential on geological time scales. The
second step smoothens out artifactual heterogeneities of sam-

the Ph ic based on the PaleoReefs datab R | ling intensity by excluding reefs only known from subsur-
€ Fhanerozoic based on Ihe PaleoReels dalabase. Raw vallgg, exploration. In the third step, perhaps the most contro-

normalized to 10 Myr intervals. Bold letter codes indicate geolog- ial 1 trv to adiust for the effects of het tial

ical periods: Cm, Cambrian; O, Ordovician; S, Silurian; D, De- verSIa., rytoa JU§ orthe e. ecis orhe eroggneous spatia

vonian; C, Carboniferous; P, Permian; T, Triassic; J, Jurassic; K.S@mpling due to differences in gross domestic product be-

Cretaceous, Pg, Paleogene; N, Neoge(a.Data resolved to su-  (Ween countries. The fourth and final step compensates the

persequencegb) Data resolved to 10 Myr intervals. long-term trends of sediment preservation in the geological

record.
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Fig. 1. Time series of the recorded number of reef sitésred line)
and calculated total preserved reef volun¥e blue line) through

) ) _ Because temporal resolution does matter, | report raw
physico-chemical controls on reef ecosystems through timgjata and adjustments for two different sample resolutions.
will only be possible when all potential biases are removed. The first sample resolution is based on supersequences de-
fined by semi-global unconformities (with an average dura-
2 Database and methods tion of 17 Myr); the_ second is based on _time intervals (bins)
of roughly ten million years (Myr) duration, but adheres to

The analyses are based on a comprehensive database ¥fditional paleontologically defined boundaries (Kiessling,
Phanerozoic reefs (Kiessling andugel, 2002) currently 20(_)5a). Acompllcau_on exists due tc_nmpreusely dgted reefs,
comprising 3367 entries. This database contains informatioffvhich cannot be assigned with confidence to a particular bin.
on paleogeographic, paleontological, geometrical, and petJ Nis is not a problem for supersequences, because only reefs
rographical attributes on mostly pre-Pleistocene Phanerozoi€onfidently assignable to a supersequence were included in
reef sites, where a site lumps data from reefs of the same agf® database. However, with finer temporal resolution, reef
and environmental setting within an area of roughly 358km Sites become more common, which cannot be assigned to a
Previous analyses have detailed the patterns of reef aburfingle bin. There are several options to handle this problem:
dance and calcium carbonate (Cag@roduction through ~ ©One can simply omit those imprecisely dated reefs, or one
time (Kiessling et al., 1999, 2000; Kiessling, 2002) but po- ¢an assign them to all bins spanning the time of imprecision.
tential biases in these patterns were a|Ways a matter of Cor"n either case, the total counts at the finer Sample resolution
cemn (Kiessling et al., 1999; Kiessling, 2002, 2005b). The Wil differ from the total at the coarser resolution. To keep
method of calculating the preserved volume of reefs is as irfhe total counts constant (which is necessary for some adjust-
Kiessling et al. (2000), except that | focus on preserved vol-ments), | applied a random bin assignment for imprecisely
ume (= net accumulation of calcium carbonate) rather tharflated reefs.

estimates of gross CaG@roduction. This method assumes  Both time series consist of bins with slightly unequal dura-
simple reef geometries and gives very conservative estimatetions. Therefore all numbers have been normalized to 10 Myr
of preserved reef volume. The volume is calculated from justintervals following the time scale of Gradstein et al. (2004).
the measured portion of reported reef sites and does not corEhanges in the time series after manipulation are recorded by
sider reconstructions of reef tracts. Although it is obvious overall similarity (correlation), changes in standard deviation
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W. Kiessling: Unbiased estimate 17

of the total time series and changes in volatility (volat) of the data (607 out of 3266 non-oceanic reef sites, or £8.68%).

complete time series: While it is beneficial to have data from the subsurface, where

(N, V), paleontologically relevant information is usually scarce, the

volat = std (In (W)) (1)  heterogeneous temporal distribution of the proportion of sub-
’ t—1

surface reefs suggests a strong bias. The proportion of
where (v, V) is the recorded number of reef siteS)(or  reefs with hydrocarbon reservoir potential and the propor-

reef volume ¥) in a bins and in the previous bin—1,  tion of subsurface reefs are significantly cross-correlated
andstd stands for the standard deviation of the natural Ioga—(R=0_76,p<0.001 for first differences), which suggests that

rithm (In)-transformed quotients. Following standard meth-the recorded number of subsurface reefs is strongly con-
ods used in volatility estimation of financial time series tro|led by economic interest. This means that the true num-
(http://www.riskglossary.com/link/volatility.htin | apply @ per of reefs will be greatly underestimated when reefs have
In-transformed quotient rather than simple first differences. g reservoir potential and are thus rarely explored by drilling.

Furthermore subsurface reefs tend to be larger in thickness,
either due to different methods in estimating reef geometries
for due to the fact that only larger reefs are recorded by seis-
mic exploration. This imposes a strong bias on the calcula-

tropical coral reefs, suggests thati32% of all modern trop- tions oflpresr,]er\éed reef VOIU”(;?‘ F?r thhesi_reas onsdcomdplt()ate
ical coral reefs are situated in oceanic regions (Kiessling,remova IS the best way to adjust for the bias introduced by

2005b). Due to subduction processes associated with pIatE-Ubsurface reefs. This adjustment may not balance all bias

tectonics, oceanic reef sites have little chance of a lasting gel_ntroduced by the economic interest in reefs as hydrocar-

ological record, especially the smaller volcanic islands andpOn reslervo||§5. Ethosed Leefs aI('jso tend éo Ibef StUd'gd n;ore
seamounts (Cloos, 1993), which are important reef sites folntense Yy, W |er? t eﬁ’ cr?n € used as moaels for ?J surlace
day (Vecsei, 2000). The higher probability of preservation of "€S€rVoIrs. Although, there is no way to estimate this explo-

younger oceanic reef sites introduces a severe bias toward&tion bias quantitatively, it may not be that strong because

higher reef numbers in more recent times. In the Paleo_reefs from bins without significant hydrocarbon accumula-

Reef database, 10% of all Miocene reefs are from oceani(‘i'onsu_"”_e a(ljs& bﬁ”ng u;ggoaf res_le_zr_vow_analogules (e.g., An-
sites, whereas just 5% of all Late Cretaceous reef sites ar?"ellini and Mollema, 2000 for a Triassic example)..
oceanic and there are virtually none prior to the Jurassic. ©n the otherhand, burial and failed uplift may unfairly un-

There are obviously some exceptions to the long-term tem{jfarestimate the global number of r_eef sites _relative to other
decline of oceanic reef sites. The richness of late Early CrePins when most of the formerly buried reef sites became ex-
taceous seamounts (guyots today) in the Pacific Ocean, pro20S€d by tectonic processes. The Cambrian of cratonic North
ably related to a mid-Cretaceous superplume (Larson, 1991y\merica and the Miocene in the Indo-Pacific region are good
provided abundant oceanic habitat area for reef growth ang*@mples for an elevated proportion of buried sediments with
carbonate platform development (Wilson et al., 1998). Inreefs, whereas most of the Tethyan Triassic reefs were ex-

the Aptian and Albian stages (125-100 Myr before present)oosed by Alpine-Himalayan orogeny. Reliable estimates of
roughly 20% of all documented reef sites are from PacificSubsurface and outcrop area of sedimentary rocks would be
guyots. needed to get a better resolved measure of true fluctuations

Thus the original proportion of oceanic reef sites obvi- of subsurface reef abundance. At this point, the strong cross-

ously varied through time and a reliable global adjustmentco”elation between reservoir potential and subsurface reefs
cannot be made until we have better constraints on the Seéj_ictates the exclusion of subsurface reefs to approach a more

ular variations of seamount formation rates. Although sometnbiased pattern.
indirect measures are being developed (e.qg., correlations with . o . .
sea-floor spreading rates, Behn et al., 2004), the predictios-3 Adjustment for variations in gross domestic product

of original pre-Jurassic oceanic habitat area (and by infer-Wh,I h ber of subsurf o | lled b
ence reef abundance) will perhaps always remain impossible. e t € number of subsurtace reets Is cont_ro ed by eco-
mic interest, the number of recorded reefs in general may

Nevertheless an adjustment has to made to at least redu .
so be governed by economy. | have previously demon-

the bias. Here | omitted all oceanic reefs to adjust for the?

overrepresentation of oceanic reefs in younger times Thisstrated that the number of reef sites and their cumulative vol-
adjustment implies that the resulting curve is valid only for ume descnbe(_j from each country is strpngly dependent onits
reefs on continental crust. gross domestic product (GDP), especially when normalized

by land area (Kiessling, 2005b). More reefs are known from
2.2 Excluding subsurface data countries with a high GDP density (GDP per unit area) than

from countries where the GDP density is low. It is possible
The PaleoReef database contains many reefs known onlthe PaleoReef database does not contain all the global data
from subsurface exploration, either from drilling or seismic because it is focusing on international literature. However,

2.1 Excluding oceanic reefs

Oceanic atolls are important reef sites today. A survey o
Reefbase Hitp://www.reefbase.ojg a database on modern

www.biogeosciences.net/bg/3/15/ Biogeosciences, 712006
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18 W. Kiessling: Unbiased estimate

the focus of data gathering was always on a maximum geis R=0.304 (P=0.007). The much stronger correlation with
ographic distribution of the data and more than 50% of thenumbers than with volumes is probably due to the overes-
reef data are from sources not covered by Journal Citatioimation of reef sizes in less developed countries. Judging
Reports published by Thomson ISI. In spite of a nhumberfrom my own experience with entering data into the Paleo-
of additional factors that affect the number and volume of Reefs database, the most likely reason for the overestimation
documented fossil reefs, the strong correlation suggests thatf reef sizes is the inclusion of extra-reefal carbonates into
economy or some correlate of economy severely biases thestimates of reef sizes. One specific example comes from the
record of reefs, at least as reflected by entries in the Paleajurassic Esfandiar Limestone in Iran, which has been qual-
Reefs database (Kiessling, 2005b). Although the mobility ofified as a several hundred meters thick reefal limestone (al-
geoscientists from rich countries is increasing, the long his-gal reef) in older local surveys (&tklin et al., 1965), when
tory of research within rich countries is far from being made there is nothing but small microbial biostromes and bioherms
up. Additionally, even with increased mobility, biogeologists in the region (F. Ersich, personal communication, 2003).
appear to favor countries with relatively high GDP density, Nevertheless, a significant bias of GDP is evident both for
perhaps owing to constraints on infrastructure, safety, ancdhumbers and volume. The correlation coefficients are some-
bureaucracy. what higher for Spearman rank correlatiori%=0.688 and
The quantitative correlation between GDP density andR=0.363, respectively), but since the data are nearly nor-
reef density per country can also be seen qualitatively. Fomally distributed on a In scale, the Pearson correlations are
example, the widespread Late Jurassic (mostly Oxfordianused for adjustment.
sponge-microbial reefs of Europe are apparently much more For all reefs, the adjustment is relatively straightforward.
common in Germany (15 detailed records of this reef type)There are basically two ways to adjust for the GDP density
than in Poland (four detailed records) although summaryeffect on reef density. One uses the regression equation and
maps (e.g., Leinfelder et al., 1996) indicate a very similarthe other applies the correlation coefficient. | have used the
extent of the so-called spongiolithic facies in both countries.most conservative method (that is, the one providing the low-
The similar difference in GDP density (Germany, 7.75 mil- est correction factor) foV andV. To correct forN in each
lion dollars per km; Poland 0.55 million dollars per kfn  country where reefs are preserved, | have first extracted the
data as of 2002 in 1995 US-$) underlines that the bias is corequation of the regression analysis:
related with the GDP density. Another example is the appar-
ent truncation of a Middle Miocene reef tract along the Red |, (l@) 1694 0.461n <@:’) @
Sea Coast at the Egypt/Sudan border. Egyptian coral reefs \ are

rea
have received considerable attention from both local and for-

eign biogeologists and eleven reefs are described in detail/N€reN is the number of reef sites within the country, area is

but there is only one detailed account of the same reef traci:he land area of the country in million square kilometers, and

in the much poorer Sudan with just two reef sites described>DP 1S the gross domestic product of the country in billion
in some detail (Sestini, 1965). dollars. From this, one can calculate the expected number of

Kiessling (2005b) found that 54% of the variance in In- "€€f SiteS Vexd), when GDP density (GDRrea) would be a

transformed reef density (number of reefs per unit area) caf€fect predictor of reef density:
be explained by variations in In GDP density (GDP per unit Noo — areax ol-69+0.46I(GDP.area 3)
area) between countries. Because this former study has in- exd

cluded oceanic and subsurface reefs, the correlation valuegne residuals (res) of the regression were factored in to
of Kiessling (2005b) cannot be used directly for this study. 5chieve a more realistic prediction dfat a given GDP den-
A new analysis of the reduced PaleoReefs database (oceanig, .

and subsurface reefs excluded) was thus performed, based

on a threshold of at least five reef sites per country (78 couny gy, — areax ¢1:69+046In(GDP.area+res (4)

tries meet this criterion). This threshold was chosen to reduce

statistical noise. With a lower quota, changes in reef abunWith this, the expected number of reef sitééspp) can be

dance are increasingly due to chance, as numbers are themlculated for any GDP density and can be both interpolated

just based on one or two studies (references). One shouldnd extrapolated. Here | use the In GDP density of Romania

note, however, that the basic results remain the same whefb.07 as of 2002) as the level of adjustment, which is closest

all reef-bearing countries (=111) are included in the analysisto the average In-transformed GDP density of all countries
The Pearson correlation between In GDP density and Inwith reefs. The least and most explored countries can then

density of reef sites is 0.665P(«0.001). The variance ex- be identified by the maximum differences between predicted

plained by In GDP density is thus 44%, which is lower than and observed values (Table 1). The quotientVgfop and

in the full dataset, probably due to the reduction of eco-observedV in each country can be used to derive a correction

nomic bias by exclusion of subsurface reef sites. Betweerfactor for each countryNsact), which can also be applied to

In GDP density and In reef volume density, the correlationadjustments within bins (see below).

Biogeosciences, 3, 12%, 2006 www.biogeosciences.net/bg/3/15/



W. Kiessling: Unbiased estimate 19

Table 1. Ten most under-explored and five most over-explored countries measured by the number of reefs predicted to be found if GDP
density is to the level of RomaniaV,=observed values after subtraction of oceanic and subsurface reef sites. PredictedNahes (
calculated according to Eqg. (4). Differende=difference between predicted and observgg=quotient of predicted/observed. Data on

land area are from the CIA World Factbooktdtp://www.cia.gov/cia/publications/factboothd GDP data are from International Energy
Annual athttp://www.eia.doe.gov/emeu/iea/popgdp.hthdth accessed in January 2005).

Country Land area (fkm?) GDP 2002 (18US-$) No Ngpp DifferenceN  Niact
Russia 16.996 381.6 246 605 359 2.46
Mongolia 1.555 1.1 22 266 244 12.11
Afghanistan 0.648 2.4 19 107 88 5.64
Canada 9.094 753.4 250 336 86 1.34
Kazakhstan 2.670 24 28 105 77 3.74
Somalia 0.638 1.1 9 72 63 8.02
Tajikistan 0.143 0.8 14 66 52 4.69
Tanzania 0.886 7.2 10 39 29 3.91
Algeria 2.382 55.2 17 41 24 2.44
Australia 7.618 468.7 44 68 24 1.54
Germany 0.349 2708.1 84 14 —-70 0.17
Spain 0.500 738.6 110 39 -71 0.36
France 0.546 1831.5 95 23 —72 0.25
Italy 0.294 1234.3 123 27 —96 0.22
United States 9.162 9234.1 323 138 —185 0.43

For reef volumes, the regression analysis can be trans- Similarly to the global pool of data, it is reasonable to as-
formed the same way as in Egs. (2—4) resulting in: sume that the global number of reefs is overestimated with
respect to other bins when the majority of reefs from a par-
Vepp = areax ticular bin are known from countries with a high GDP den-

However, because the correlation coefficient is low, it is moreSity, whereas the number of reefs is underestimated when

conservative to calculate the expected reef volume for a givein0St of the reefs are known from countries with a low GDP
GDP density by: density. Indeed, the basic correlation between GDP density

and reef density per country is also evident for some individ-
ual bins, although correlation coefficients are usually smaller.
An analysis of the six richest supersequencgseéch with

at least 125 reef sites) suggests an increasing dependency
through time. Correlations are insignificant in the Ordovician
(§5) and Silurian §7), significant in the Devonian and Tri-
assic §10: R=0.50, P=0.015;518: R=0.44,P=0.012) and
highly significant in the Jurassic and Miocer$2(: R=0.57,

P <0.001; $31: R=0.48; P=0.004). Although this could
mean that the bias of economy is less prevalent in the early
Paleozoic (e.g., countries with a low GDP density are better
sampled), it could as well be due to random effects of lower
sample sizes. The lower correlations can also be explained
by the fact that most of the Paleozoic reefs are recorded from
sites in large countries with a relatively low GDP density
(mostly listed in Table 1). Thus it is straightforward to ap-

e0.19+0.42 IN(GDP_area+res (5)

Veppz= Vo x eR(A(In(GDP,area)) (6)

where Vgpp2 is the GDP-adjusted reef volume in a coun-
try, Vo is the observed reef volumeR is the correla-
tion factor derived from all reefs and countries (=0.304)
and A(In(GDP.area)) is the difference between the level
of adjustment (In GDP density of Romania) and the In
GDP density of the country in question. The term
exp(Rx A((In(GDP.area))) is used as the correction factor
of V for each country ¥iact). Due to the higher correlation
coefficient, applying Eq. (6) t&V would result in higher val-
ues ofNiact and hence Eq. (4) is preferred for the adjustment
of N.

The ranking of the least and most explored countries in
terms of recorded reef volume (Table 2) is similar to the one
for ree_f abundance. Not surp_rlsmgly, t_he five least _exploredply the correction coefficientsNgaet and Viacy derived from
countries are fairly large relative to their GDP. Russia, Mon-the total (=Phanerozoic) data pool to individual bins
golia, Afghanistan, Canada and Kazakhstan are in the top '
five least explored countries by both adjustmentsNoand This is done by multiplying the raw values &f and V
V, and Germany, Italy and the United States are always irrecorded in a bin byViact and Vit for each country and
the top five most explored countries. Owing to its very low then summing the results up to achieve a GDP-adjusted es-
GDP density, Mongolia has particularly high values of both timate of the grand total in this bin. For example, S8
Niact andVeact. (Emsian-Eifelian supersequence) there are eight exposed reef

www.biogeosciences.net/bg/3/15/ Biogeosciences, 7132006
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20 W. Kiessling: Unbiased estimate

Table 2. Ten most under-explored and five most over-explored countries measured by the volume of reefs predicted to be found if GDP
density is to the level of Romanid/p=observed values after subtraction of oceanic and subsurface reef sites. ExpectedVghpesn(d
Vepp2) calculated according to Egs. (5) and (6), respectively. Differaredifference between predicted and obserggg=quotient of

VeprdVo-

Country Vo (km3) Vepp  DifferenceVgpp Vepp2 DifferenceVgpp2,  Viact
Russia 352.521 801.245 448.724 639.669 287.148 1.815
Canada 386.857 508.040 121.183 471.376 84.519 1.218
Kazakhstan 60.455 201.826 141.371 144.659 84.204 2.393
Mongolia 12.224 118.882 106.658 63.503 51.279 5.195
Afghanistan 18.937 92.256 73.319 59.392 40.455 3.136
Tajikistan 16.332 66.686 50.354 45.219 28.887 2.769
Madagascar 12.004 47.700 35.696 32.536 20.532 2.710
Australia 57.949 86.445 28.496 77.352 19.403 1.335
China 219.351  240.099 20.748 233.811 14.460 1.066
Iraq 12.002 32.209 20.207 24.594 12.592 2.049
Germany 53.128 10.321 —42.807 16.283 —36.845 0.306
Ireland 78.665 28.817 —49.848 38.040 —40.625 0.484
Italy 90.096 22.703 —67.393 33.341 —56.755 0.370
Austria 97.782 27.143 —70.639 38.806 —58.976 0.397
United States  343.884  158.865 —185.019 195.959 —147.925 0.570

Table 3. Empirical decay constants,(in Myr—1) for Phanerozoic reefs.

Supersequences 10 Myr intervals
N |4 N \%
Raw data 0.0012 0.0016 0.0013 0.002
Oceanic and subsurface reef excluded 0.0006-0.0014 0.0008 0.0007
GDP-adjusted data —0.0005 -0.0019 -0.0004 -0.0002

sites recorded from Mongolia and 13 from the United Statesgeneral (Morse and Mackenzie, 1990; Mackenzie and Morse,

StandardizingV to the GDP density of Romania, that is, ap- 1992) and in reefs in particular (Kiessling, 2002), there is no

plying Niact as listed in Table 1, expands the number of reefsreason to assume that the basic principles of sediment decay

in Mongolia to 12.1%8=96.9 reefs and reduces the num- through time do not apply for CaGOAnN exponential decay

ber of reefs in the United States to 0:4B3=5.6. If these can thus be assumed as a first approximation.

two countries were the only ones with a reefal record in this

supersequence (which they are not), the total GDP—adjuste&N’ Vir =

number would rise to 102.5 as Compared with 21 in the raWWhere Q\]’ V)R:reconstructed number of reef sites or reef

data. volume; (v, V) p=preserved number of reef sites or reef vol-
This method implies that adjustments are only being madeyme;k=decay constant=midpoint of bin in Myr.

for countries in which reefs have actually been recorded. The empirically derived decay constants for the raw data

With good knowledge of the paleogeology of all bins, adjust- are suspiciously low for reef numbers and even negative for

ments could also be applied for countries without any recordall GDP-adjusted data (Table 3). This is a common obser-

(N, V)p x € @)

of reefs at a particular time. vation when looking at carbonate preservation through the
Phanerozoic. The Phanerozoic shift of CaQPoduction to
2.4 Compensation of sediment cycling the open ocean (Wilkinson and Walker, 1989) and the drift

of shelf areas to latitudes unsuitable for prolific carbonate
The amount of sediment preserved with time is well known sedimentation has resulted in the paradox of negative decay
to fit an exponential decay curve (Gregor, 1985; Wilkinson constants for shallow water carbonates (Walker et al., 2002).
and Walker, 1989; Wold and Hay, 1990, 1993). Although the Just as systematic long-term shifts in the carbonate reservoir
fit to actual data is quite poor for sedimentary carbonates irsize obscure the reliable identification of decay constants for
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firms that changes in continental flooding are indeed signifi-

cantly cross-correlated with changes in preserved reef abun-
sedimentary carbonates in general, true fluctuations in reeflance (Kiessling, 2002). Therefore, | have previously sug-
proliferation hinder the empirical determination of a decay gested introducing an additional factor to adjust for the effect
constant for the erosional destruction of reefs. The only benof continental flooding (Kiessling, 2002).
efit from the experimental determination of decay constants However, continental flooding or its inverse, continental
in reefs is to show that these are comparable for numbers anfleeboard, acts in two ways on the preservation of ancient
volumes (Table 3). It may thus be permitted to apply a singlereefs. The first way is the control of flooding on habitat area.
decay constant for both measures, which however has to bas tropical reefs have a strong preference for shallow water
derived from an independent data source. habitats, the reduction of shelf area by a relative sea level

| derived a decay constant from the known mass/age disfall may considerably lower the available habitat area and
tribution of all Phanerozoic sediments. Hay and Wold (1990)thereby global reef carbonate production (Kleypas, 1997).
have compiled information of earlier work (Ronov et al., Changes in habitat area certainly influence the Cap®@-
1980; Budyko et al., 1987) and normalized the data to 10 Myrduction of reefs, but they do not strictly represent a sampling
bins. | have extracted their data for the mass/age distributiorbias. The second way is the effect of continental flooding
of sediments on the continents and passive continental mamn the volume of preserved sediment. Increases in continen-
gins, modeled the data into the time scale used in this studyal freeboard are associated with erosion of older sediments.
and fitted an exponential decay curve. The resulting decayVhile at relatively fine temporal scales (stage level and finer)
constant of 0.0014 Myr! is used as a first approximation of the biasing effect of low sea level is suspected to occur at
reef survival rates (both fov andN) through the sedimen- a temporal lag (the backward and forward smearing effects;
tary record. Foote, 2001), it is reasonable to assume that over longer bins,
Apart from true fluctuations in reef proliferation, the im- the erosion effect will be strongest within a bin. Mackenzie

perfect fit of decay curves can also be explained by cyclicand Morse (1992) have previously noted a good match be-
changes in weathering intensity due to large-scale sea levdiveen declining rates of carbonate preservation and orogenic
fluctuations, which in turn are controlled by plate tectonic cycles, with survival rates declining when approaching the
processes (Mackenzie and Morse, 1992). Global phases @lossian (Sloss, 1963, 1976) megasequence boundaries.
plate assembly and disassembly are known to alter sedimen- At this point it is hard to decide which of the two effects
tation and erosion regimes at global scales (Ronov, 1994)will more strongly influence the preserved number and vol-
A potential proxy tracing these changes is the percentage ofime of reefs. In any case, a simple adjustment for conti-
continental area covered by seawater, which is a function ohental flooding will always result in a mixed signal. There-
eustatic sea level and hypsometry. Empirical evidence confore, proxies of actual weathering rates are required. It is
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Fig. 5. Time series of the calculated non-oceanic, exposed reef vol-
ume without §o) and with adjustment for the GDP effedtdpp).

The curves oV are the same as the curvesiofn Fig. 3. (a) Data
resolved to supersequencéb) Data resolved to 10 Myr intervals

t (arrow marks late Anisian-Ladinian bin, see text for discussion).
See the legend of Fig. 1 for additional information.

Fig. 4. Time series of the recorded number of non-oceanic, ex-
posed reef sites withoutMp) and with adjustment for the GDP ef-
fect (Ngpp)- The curves ofNg are the same as the curvesifin
Fig. 3. (a) Data resolved to supersequencés) Data resolved to
10 Myr intervals (arrow marks late Anisian-Ladinian bin, see tex
for discussion). See the legend of Fig. 1 for additional information.

reasonable to assume that the bias on preserved reef carbod- Results

ate production is proportional to the deviation from mean

weathering rates. Unusually low rates will result in a posi- The various levels of adjustment have a quite differentimpact
tive departure from the exponential decay curve. Higher tharon the observed curves @nmandV. The effect of removing
normal weathering rates will result in a negative departureoceanic reefs results in a minor modification of the original
and an elevated decay constant. | used the chemical weathgsattern (Fig. 2). Noticeable changes are limited to the Cre-
ing rates derived by Berner and Kothavala (2001) from vol-taceous and Cenozoic. A significant decline is observable
umes of terrigenous rocks (Ronov, 1993). These values foespecially in the Early Cretaceous and Neogene, due to the
siliciclastic rocks, are conservative estimates of carbonatéigh proportion of reefs on oceanic atolls and seamounts in
weathering, which are usually much more prone to chemi-these intervals (see Sect. 2.1). The additional exclusion of
cal weathering (Blum et al., 1998). The epic level chemical subsurface reefs results in a visibly modified pattern (Fig. 3).
weathering ratesfiz (r)) were interpolated and adjusted to Major peaks are often reduced, whereas the depressions in
the stratigraphic bins used herein. As tfig(r) values of  the raw data are usually little affected by the exclusion of
Berner and Kothavala (2001) are already standardized to theubsurface reefs. As expected, the effectsVoare much
Miocene level of chemical weathering, they can be directly stronger than onV, owing to the larger size of subsurface
applied to adjust the decay constants and achieve a correctedefs (see Sect. 2.2). The most notable changes are visible
curve of reef volumes by using the following equation: in the Devonian and Neogene, which are times of especially
intense subsurface exploration due to the high reservoir po-
tential of reefs (Kiessling et al., 1999). Another interesting
feature is the much more prominent peak in the latest Trias-
sic, especially at the 10 Myr sample resolution. This is ex-
The effect of fz(¢) is such that the decay constant at time plained by the fact that nearly all late Norian and Rhaetian
t is lowered when the intensity of chemical weathering is reefs are known from exposures. The overall volatility of all
less than in the Miocene. Thereby the corrected valueé of time series is reduced, albeit not strongly (Table 4). Apart
andV are lowered with respect to the simple correction for from this, the major times of reef growth are basically the
sedimentary decay. The opposite applies for bins in whichsame as in the raw data (Fig. 1), although the ranking has
chemical weathering is higher than during the Miocene. changed.

(N,V)r = (N,V)p x ek/r® @
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Table 4. Standard deviations (std) and volatility (volat) of time series (volat was calculated according to Eq.nlimber of reef sitesy:
reef volume (krd).

Supersequences 10 Myr intervals

N % N 1%
Raw data std 50.0 123.1 45.9 112.2
volat 0.67 0.94 0.81 2.16
Oceanic reefs excluded std 46.0 112.7 43.2 105.4

volat 0.68 1.02 0.80 2.09
Oceanic and subsurface reef excluded std 32.3 37.9 33.1 47.2
volat 0.62 0.93 0.77 1.91

GDP-adjusted data std  65.3 45.57 45.4 51.1
volat 0.67 1.02 0.79 1.99
Adjusted for sedimentary cycling std  75.9 76.8 75.0 55.1

volat 0.69 1.04 0.80 1.69

The correction for GDP density has substantial effects, estries with a relatively high GDP density. Occasionally, re-
pecially in the early Paleozoic (Figs. 4 and 5). The strongductions are also observed in the Paleozoic (d/gin the
concentration of reefs in countries with a fairly low GDP late Visean, because there are many records of reefs in the
density (such as Russia, central Asian states and MongolidJnited Kingdom). A noteworthy reduction is seen in the
Table 1) at that time renders it likely that there are many un-second ten Myr bin of the Triassic (late Anisian-Ladinian)
detected (or unreported) reefs in these countries. The adsoth for N (Fig. 4b) andV (Fig. 5b). Although not very
justments often result in substantial additions to the previoudlistinct in absolute numbers, the proportional loss by GDP-
datasets. There is a disturbing peak in the Wenlockian suadjustment is significant (39% and 46%, respectively). This
persequence (S7, roughly at 425 Ma) after GDP-adjustmentsuggests that the relatively rapid recovery of reefs after the
which is visible both forN (Fig. 4a) andVv (Fig. 5a). The  Permian-Triassic mass extinction may be overestimated due
peak, already present in the raw data, is enhanced due tim observations in countries with a high GDP density (in this
the large number of reefs recorded from Canada, Russia anchse Austria and Italy, the common reefs in China have little
Mongolia, which have high correction factors (Table 1). As effect, because China’s GDP density is close to average).

N per unit area is more strongly controlled by GDP density The final adjustment steps (sediment cycling) consistently
than the cumulative reef volume, the GDP-adjusted curves ointensify the early Paleozoic reef bloom. For superse-
N (Fig. 4) differ most strongly from the previous curves. The quences, the Silurian peak now becomes extremely pro-
original values are more than doubled in several bins and usuaounced (Figs. 6a and 7a). At the finer stratigraphic res-
ally raised by around 50% in the Paleozoic. Fgrthe GDP  olution (Figs. 6b and 7b) the (middle and Late) Silurian is
adjustments are usually much less pronounced (Fig. 5), wittalso identified as a major time of Phanerozoic reef expansion,
a maximum of +80 to +90% in the Emsian-Eifelian super- but does not stand out against the peaks in the latest Ordovi-
sequence (at 398 Ma), when several reefs are recorded fromian and Emsian to Givetian ages. Except for volumes at the
Mongolia, the country with the lowest GDP density in the 10 Myr sample resolution, this step of adjustment results in
analysis. further increases of volatility (Table 4).

With few exceptions, the direction of changes is the same The overall similarity of the original and adjusted curves
for N and V. One notable exception is the Late Jurassicis greater than discernible at first glance (Fig. 8). The cor-
reef bloom (at around 155 Ma), which is interpreted to berelation between two subsequent levels of adjustment varies
overestimated by the analysis based on numbers, whereas between 0.47 and 0.95 with generally higher similarities be-
the volume analyses the original values are raised. This isween time series a¥ than between time series &f There
due to the concentration of recorded reef sites in countriegven is a surprisingly great similarity between the raw data
with a high GDP density (France, Germany, Slovenia) andand the final step of adjustment. It is only for reef volumes
the few reefs with large estimated volume being in countriesat the supersequence level where this similarity in not signif-
with a low GDP density (Russia and Uzbekistan). The over-icant (R=0.28,P=0.12). The patterns of changes (the differ-
all volatility in the time series is raised with respect to the ences between bins) in both and vV are even less affected
previous adjustment level and is close to the volatility of the by the adjustments. Although the magnitude of changes be-
raw data (Table 4). tween adjacent time intervals varies considerably, the direc-

Reductions of the raw values are common in the Meso-tion of change is hardly affected. Detrended time series (first
zoic and Cenozoic owing to concentrations of reefs in coun-differences) thus have a highly significant cross-correlation
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Fig. 6. Time series of the number of GDP-adjusted, non-oceanic,Fig' 7. Time series of GDP-adjusted, non-oceanic, exposed reef

exposed reef sites adjusted for sedimentary decay. The curves Jpelumes adjusted for sedimentary decay. The curvégpére the
No are the same as the curvesMépp in Fig. 4. The curves of same as the curves Ugppin Fig. 5. The curves oV (exponential

N (exponential decay) refer to a simple decay function as in Eq. (7),decay) refer to a __c,imple decay_ function as in Eq. (7), yvhereas the
whereas the curves af(modified exponential decay) refer to a vari- curves ofV (modified exponential decay) refer to a variable decay

able decay as in Eg. (8Ja) Data resolved to supersequencés). as in Eq. (8). (@) _Data resolved to supersequenceéb) Data re-
Data resolved to 10 Myr intervals. See the legend of Fig. 1 for ad__solved tq 10 Myr intervals. See the legend of Fig. 1 for additional
ditional information. information.

Table 5. Cross-correlationsR) between detrended time series of

raw data and detrended time series (first differences) after final leveihOre bias than they add. Despite the uge 9f a conservative
of adjustmentdf: degrees of freedom. approach, the adjustment for GDP density is perhaps exag-

gerated, because it applies the same correction factors for
N andV to the same countries for all time intervals, irre-

Supersequences 10 Myr intervals ) . . . . .
N v N v spective of regional variations in geological characteristics.
Due to low sample sizes, especially in some of the 10 Myr
R 082 0.56 0.70 0.69 intervals, the effect of the adjustment is probably too strong,
df 30 30 51 51

albeit mathematically correct. One detailed survey in a coun-
try with a low GDP density (perhaps by scientists from an-
other country) can substantially inflate the adjusted values.
Problems are also involved in the effects of sedimentary cy-

. ) . cling processes. | have applied the same decay constant for
for all time series and between aI_I levels of ad_Justments (Ta'reef numbers and reef volumes, although the decay constant
ble 5). The basic pattern of waxing and waning in the reefyejyeq from the mass-age distribution of sedimentary rocks
ecosystem seen in the raw data is still observed in the adg}, (g only be applied to volumes. Additionally, | have ap-
justed curves. plied variations in chemical weathering intensity of silici-
clastic rocks to modify the exponential decay function, al-
though carbonates are somewhat different in their weathering
behavior (Bluth and Kump, 1994).

The adjustments to the original time series of Phanerozoic Given all these restrictions, how confident can we be about
reef abundance and volume are just first steps towards a rehe final curves? One referee suggested to bolster the re-
liable estimate of true fluctuations and they still have somesults by comparing the new time series with data of environ-
shortcomings. As previously discussed (see Sects. 2.1 anahental changes. However, the presence or absence of cross-
2.2), the exclusion of oceanic and subsurface reefs is notorrelations with environmental parameters would neither
without problems, although these steps certainly removeprove nor disprove the validity of the new curves. It should

P <0001 <0.001 <0.001 <0.001

4 Discussion and conclusions
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Fig. 8. Comparison of original time series (compare Fig. 1) and time series after all adjustments (compare Figs. 6 and 7). The four time
series ofN and the four time series d&f are scaled to the same axis for an easier comparison. The Permian-Triassic boundary is marked by
the thin vertical line for orientatiora—d) Data resolved to supersequences; (a) original time series of reef abundance; (b) time series of reef
abundance after adjustments; (c) original time series of reef volumes; (d) time series of reef volumes after adjstrhibeta resolved

to 10 Myr intervals; (e) original time series of reef abundance; (f) time series of reef abundance after adjustments; (g) original time series of
reef volumes; (h) time series of reef volumes after adjustments.

be emphasized that cross-correlations between time serigs/een raw curves and adjusted curves (Table 5), raises the
have to be performed based on detrended values (first or gerredibility of both the original and the adjusted curves. Atthe
eralized differences; McKinney and Oyen, 1989) rather thansame time this fact renders it unlikely that a repetition of pre-
on raw data, which are biased by autocorrelations. Thereforeyious analyses (Kiessling, 2002) with the new curves would
the wiggles in the curves are more relevant than the generafield different basic results. Perhaps, the waxing and wan-
pattern for the assessment of extrinsic forcing. The fact thatjng of reefs is just not as directly (or linearly) controlled by
after detrending, there is such a good cross-correlation beenvironmental change as commonly thought. One additional
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