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Abstract: The relationship between coral growth and environmental parameters is not straightforward,
and few studies have explored intra-annual changes in extension rate. Variations in the magnitude and
timing of intra-annual extension could be influenced by various environmental parameters such as sea
surface temperature (SST), light and nutrient availability, turbidity or salinity stress, as well as by inter-
annual climate variations such as the El Nifio-Southern Oscillation (ENSO). In this study we use SST
proxy data from Porites spp. corals to model intra-annual growth using an iterative numerical model
comparing growth and temperature sine functions to measured Sr/Ca data to find the best combination of
intra-annual variation in both variables. This approach converts sampling distance within cores into time,
providing a framework that allows us to quantify how extension rate varies both within and between
years. The model was applied to coral records spanning both the tropical Pacific (Australia to the
Galapagos) and the past 400 years (Little Ice Age to present). To validate model results, modern coral
data are compared with observational temperature and ENSO records. In this project, we focused on
testing the idea that intra-annual SST is a dominant control on the timing of intra-annual coral extension.
Results indicate that maximum coral extension in the West Pacific typically occurs during the periods of
warmest SST, and in the East Pacific dominantly in periods of cooler SST. These records also indicate
that multiple exogenous factors influence skeletal extension in these dynamic equatorial settings,
particularly in the context of ENSO. Growth recovered from these records offers a picture of how
extension rate and environment interact in the Equatorial Pacific. This modeling approach has the
potential to improve seasonally resolved coral records of climate, and for understanding the relationship
between coral calcification and climate change by comparing changes in intra-annual extension patterns

over time.



Modeling intra-annual variation in coral extension rate using multiproxy geochemical records from

Pacific corals

By

Jessica (Jessie) McCraw,

B.S. University of Arizona, 2018

Thesis
Submitted in partial fulfillment of the requirements for the degree of Master of Science in Earth

Sciences

Syracuse University

December 2020



Copyright © Jessica (Jessie) McCraw 2020

All Rights Reserved



Acknowledgements:
I would like to acknowledge my thesis advisor Dr. Linda lvany, for her advocacy on behalf of

myself and all other graduate students, and her staunch support of doing what’s best for people. Dr. lvany
helped me learn about myself both in and out of the world of academia, and | am immensely grateful for
the role she played in my project. | have benefitted tremendously from the lessons she has taught me
while at SU. I would also like to thank my thesis committee, Dr. Melissa Chipman, for her understanding
and much-needed camaraderie, and Dr. Tripti Bhattacharya, for her astounding wealth of both knowledge
and kindness. In addition, my co-authors and colleagues for their support, advice, revisions, and help
during this research project, with special acknowledgment to Dr. Lael Vetter for her constant shoulder to
lean on as a friend and colleague. To have all my committee members and the majority of coauthors be
women in the paleo sciences has been very meaningful for me. A special thanks to the Ivany Lab group:
Josh Owens for his enthusiastic conversations, Dr. Emily Judd, who was a hugely important resource
during this project, and especially Daniel Phillipi, who was unfailing in his willingness to help at any and
all times | needed him, and without whose encouragement and support I could not have completed this
project. I would also like to acknowledge the special contributions of the PaleoX seminar, which provided
invaluable feedback on my own research and a space in which we could discuss science critically and in a
constructive fashion. I would like to thank the graduate student body in the Earth and Environmental
Sciences department, for all the good times and being one of the primary reasons | decided to attend SU.
In particular, special thank you to Lachlan Wright, Julianne Davis, and Dr. Laura DeMott for being

awesome and some of the best friends a person could have!



1
2

e (oo (U ]o1 o] o AU U R USSR 1
BACKGIOUNG.......c.eiieice bbbttt b bbb bt et e b e b bbbt 2
2.1 METFICS OF COFal GrOWEN........oiiiiiicc et b e et s reereesaesresne e 2
0 O R T 43 2 o= T TSSO 3
P A I 1 1 L o 1=] L o PO OO OSSOSO PT OSSP TRTPEPSPOPN 5
2.2 Coral growth as a record of the environment: ENSO and anthropogenic warming ..............cccccove.... 7
2.3 El Nifio-Southern Oscillation (ENSO) across the PacCifiC...........ccccceviiieiiiiiiiic e 8
2.3.1  Northern AUStralia and the GBR .........ciiieiiiiieiie sttt sttt bt sb e e st e e ebe e ebeneebeseebe e 8
2.3.2  Eastern Pacific and the Galapagos ISIANGS............cuiiiiiiiieiiicie et e e e re s 9
Materials and IMETNOUS ...........ooiiiii e e s be s e e e be e reeare e 10
3.1 THE GrOWEN IMOGEL ... e et e e be et e et e et e e te e s be e beebeesteeteenteenres 10
3.2 ASSESSMENT OF GrOWLN PatIErNS.......ociiiiic ettt be e te e be e te e be e saeeers 10
3.3 ASSESSMENT OF ENSO PRESE........cieiitiiiieei ettt bbb 11
3.4 Coral records and Site CHIMATOIOGY........cceieiiiiiiiies e 12
3.4.1  Great Barrier Reef, NOMhern AUSTIAlIA ........cc.coviiciiii ittt ete e sbe e e be s sbeesbe s sraeateesreeans 12
3.4.2  Wolf Island, Northern Galapagos ArChipelago..........cco i e 12
3.4.3  Urvina Bay, Isabella Island, Central Galapagos Archipelago..........ccoeiireiririneiiienserseee e 13
RESUILS ...ttt ettt e bt s et et e R e R e e te e te e R e Re e teeR e e nRe e teeneenraeneeneenneern 13
4.1 Test of Sinusoidality of OISST Variability from Coral Localities...........ccccevevieiiiiiiiiiniecc e 13
4.2 Variations in inter- and intra-annual eXtENSION FAES.........cccveiveiieie i 15
4,21  Western Pacific coral growth: The Great Barrier REET ..o 15
4.2.2  Eastern Pacific Coral Growth: Wolf Island, Northern Galapagos .........c.cceivieiiiiiienise e 16
4.2.3  Eastern Pacific Coral Growth with Seasonal Upwelling: Urvina Bay, Central Galapagos ...........ccccccevvevvevenennnn. 18
Discussion and INTEIPretatiON ...........coiiiiie it e et e et e e b e sreeabeearees 19
51 Drivers of intra-annual EXIENSION .........cciveiieiii e te e re e sre e s re e te e be e te e sreesreenrs 19
5.1.1  SBA SUIMACE TEIMPEIATUIE ... .ottt ettt bbbt et e et h et e bt e b e e bt bt eb e s b e s b e e b e beseeeb et e e et eneeneene et eneens 19
T o 0NV U1 211 1Y Ao 20
5.1.3  Role of seaS0Nnal NULAENT INFIUX.......coiiiiiiiiie bbb e et beens 22
5.1.4  Role of timing Of reprodUCLION CYCIES .........ciiiiiiiiiieii bbbttt 22
5.2 Effects of ENSO on inter-annual growth patterns ... 23
5.3 Potential additioNal fACIOFS........ccvi i re e e s be e re e re e te e sre e sreenrs 26
54 Model performance & future apPliCALIONS. ..........ooieiiiiiiicee e 28
(O] Tod 111 [0 1RSSR 29
LI L] 2SSOSR OUP PRSP 32
7.1 Table 1: Annual Extension Profiles Correlated with Annual SST ........ccooiieiiiii i, 32
7.2 Table 2: Growing Season INFOrMATION ..........cooiiiiiiiii s 32
7.3 Table 3: Goodness of Fit Results for Coral Growth Models ... 33

7.4 Table 4: Modeled Extension Rate vs. Measured Annual Linear Extension Rate..........cccoceevvveeeenn. 33



ST 0T | XSRS 35
8.1 FIQUIE 17 SITE MBI ..ttt bbb bbb b et et b et b e e b e bt b 35
8.2 Figure 2: Annual Site CHMATOIOGY.......couiiveieiiiiiiieees e 36
8.3 Figure 3: Intra-annual coral growth profilesS..........cooiiiiiii 38
8.4 Figure 4: Timing of intra-annual growth (MMG)...........cociiiiiiiiiiic e 40
8.5 Figure 5: Coral growth rate through time: inter- and intra-annual trends..............cccccoevevveieiinnenn, 42

S Y o] o 1= T [ GO P PR URSTSP 43
9.1 APPENIX FIGUIE AL ..ottt b b et b bbbt b bbb et et e b b 43
9.2 APPENTIX FIGUIE AZ-AJ ..ottt bt bttt b et s bbbt ettt be b 44
9.3 APPENGIX FIGUIE A ..ottt bbbttt b e bt b ettt b e et et e e b 45

10 R E] ( =] AT 46

11 CUTICUIUM Va8 52



1 Introduction
Corals are charismatic and well-studied organisms, but as marine environments change due to

anthropogenic climate warming, the habitat and health of coral reefs are increasingly jeopardized.
Developing a deeper understanding of the environmental variables to which coral growth is most sensitive
will serve to help them in the future. Useful information in this context is instrumental climate data tied to
records of coral skeletal growth to study the response of corals to specific environmental changes over the
year. In addition, records of past conditions archived in the skeletons of corals offer significant insight
into the history of Earth’s climate system. Interpretation of these data is more accurate if constraints can
be placed on when during the year the corals grow their skeletons. In both cases then, knowledge of intra-
annual variation in coral growth is a key piece of information. However, seasonal changes in coral growth
rate are infrequently studied in comparison to interannual records, despite their relevance to both climate
reconstruction and coral (paleo)biology. The lack of high-resolution geochemical proxy data from corals,
and the difficulty in studying their intra-annual growth metrics, as well as the reef sensitivity to changes in
climate, have made the interpretation of seasonal growth difficult. A seasonal perspective of growth and
climate allows us to make more specific and well-informed statements about climate variability in the past
and help inform us of where Earth’s climate might be heading and what these key organism’s ecological
responses to that change might be.

Here, we examine sub-annual variation in extension rate using high-resolution geochemical data
from coral skeletons as a paleotemperature proxy in combination with a numerical model that reconstructs
intra-annual patterns in the timing of calcification from accretionary biogenic records (Judd et al., 2018).
Variation in extension rate within individual years of growth can then be compared with sea surface
temperature (SST) data to determine specifically how temperature and related variables affect coral

growth. The objective of this study is to validate the application of this model to the useful climate



archives of corals, model patterns of intra-annual extension rates, and determine what the potential
seasonal environmental parameters are that control intra-annual growth. This project focuses dominantly
on the potential for intra-annual SST to control intra-annual coral extension. The model is validated with
modern coral and instrumental records from the Great Barrier Reef (GBR) in Australia and the northern
Galapagos Islands (Figure 1), including modern/historical records of the EI Nifio-Southern Oscillation
(ENSO), and then applied to a subfossil record from the central Galapagos Islands.

2 Background

2.1 Metrics of Coral Growth
Physiological variations in calcification rates reflect other environmental signals affecting corals

(Lough and Barnes, 1997). Correlative growth increment analysis has become the gold standard for tree-
ring studies to describe the relationship between environmental and biological/ecological variables. These
model organisms bear a strong resemblance to the growth increments in a wide variety of marine species,
including massive corals. By constraining a chronology with the known year of sample collection and
counting annual bands back in time using the guidance of the thickness of annual growth bands,
brightness of density band x-rays, luminosity data, and inter-annual isotope or trace element signatures,
coral records and the archives of climate contained therein can be correlated across space and time
(DeLong et al., 2014).

Intra-colony variability in extension rates has been well documented when cores are sampled from
different positions within the colony (Lough and Barnes, 2000; Lough and Cooper, 2011) and rates can
vary significantly due to the direction of accretion in the vertical direction towards light (i.e. extension
rates are lower on the sides of coral heads as opposed to the surface parallel with the ocean surface). There
are also age effects wherein younger corals extend less in younger years than older corals (Lough, 2008).

Inter-colony variability within local reefs can have high variability as a function of the depth of the coral,



subjection to additional stressors such as wave action, sand abrasion, and position within the reef
framework (Felis et al., 2003; Al-Rousan, 2012; Lough and Cooper, 2011).

Both intra-colony and inter-colony examinations of the variability of climate signals preserved in
coral skeletons show that there can be large and unexplainable differences, up to 2°C difference in the
context of temperature reconstructions from geochemical proxies (DeLong et al., 2007; Sayani et al.,
2019). As these studies come from cores taken from the same coral head, and from corals within or across
a small region, such as one atoll, the distinctions cannot be attributed to responses to climate that all corals
experience so must be explained by vital effects. Even in tank growth, climate-controlled studies, corals
showed inter-and intra-colony variability in Sr/Ca and 580, likely as a function of varying skeletal
growth rates and biological effects (Suzuki et al., 2005; Felis et al., 2003). The variability in vital effects
within such small areas should be the focus of additional study. In contrast, many corals from the same
reef or atoll show remarkable agreement between environmental proxies between cores (Stephans et al.,
2004; DeLong et al., 2007). Additionally, when cross-dating coral cores using methodologies taken from
dendrochronology, by correlating conspicuous annual bands and using additional constraints from both
the geochemical and physiological/morphological parameters, these “stacked” records demonstrate very
high reproducibility that shows that both intra- and inter-colony corals are recording the same signal and
responding to the same environmental variations (DeLong et al., 2007; Sayani et al., 2019; Stephans et al.,
2004). Where replication is available, cross-dating coral growth bands can provide annually resolved,
environmentally sensitive chronologies (Black et al., 2019; Carilli et al., 2010; DeLong et al., 2014;

DeLong et al., 2007).

2.1.1 Density bands
Total skeletal calcification in corals consists of trade-offs in both linear extension and skeletal

density. Corals secrete a high-density band and a low-density band that together comprise one year of



coral growth (Knutson et al., 1972), but the exact environmental triggers for the seasonal change in
skeletal density within bands are somewhat unclear. In-depth studies of controls on the timing of the
changes in the density band formation are limited by the annual resolution of density bands, and the
estimates of linear extension rate from this are solely derived from the linear thickness of annual density
band pairs (Wellington and Glynn, 1983). Density bands can appear faint or irregular in some species of
coral, Porites spp. in particular, or in certain localities (Glynn and Wellington, 1983), making some corals
more difficult than others to examine for high resolution or seasonal calcification measurements. Lough
and Barnes (1990) determined from a survey of tropical Pacific corals that most low-density bands form
in cold SST and high density bands in the summer; the exceptions were mostly Porites spp. (such as a
study of Red Sea Porites corals suggesting that high density bands form in the winter with low SST and
low light intensity (Klein and Loya, 1991)). The Red Sea is an atypical location for corals (Loya &
Slobodkin, 1971), which mostly grow in the Caribbean and equatorial Indo-Pacific coral triangle, the Red
Sea thus representing the northern latitudinal extreme for coral communities.

The contradictions in timing of density band formation between these northern Porites and others
is described by a review on coral density banding by Highsmith (1979) and suggests that the controls on
the timing of density band formation may vary along a latitudinal gradient (Highsmith, 1979). The author
described an “equatorial” group, which demonstrate high-density bands forming during periods of high
SST (and less concretely, low light availability) and the opposite for the low-density bands (Macintyre &
Smith, 1974; Weber et al., 1975b). A “transitional” group is comprised of locations in the south Pacific
where high density bands form during periods of warm SST, but form at least partially during the coldest
months of the year and when solar radiation is low or moderate but rising rapidly. The pattern common to
all southern transitional localities seems to be that low density bands form during periods in which light

and temperature are both declining. The author also described a “high latitude” group, in which high



density bands form during periods of probable low light availability and low SST, and low-density bands
form during periods of high light availability and high SST (such as in Klein and Loya, 1991). These
studies together suggest that the dominant factor affecting density is external and related to climate and
environment, but perhaps not dominantly controlled by SST.

Changes in calcification rate and the timing of density band formation have been shown to correlate
with seasonal changes in light intensity as a function of cloud cover for corals in the Panamanian Eastern
Pacific (Wellington and Glynn, 1983), Hawaii (Schneider and Smith, 1982) and the Indian Ocean (Smith,
1981). In most studies, light intensity is measured from clouds via precipitation, visual cloud assessments
or total days of sunlight (Buddemeier and Kinzie, 1975 in Hawaii; Buddemeier, 1974 on Christmas
Island; Didge and Thompson, 1974 in Bermuda).

Upwelling sites in the eastern Pacific have high nutrient productivity and typically variable intra-
annual SST. Comparisons of growth metrics between upwelling and non-upwelling sites suggest that there
is an increase in calcification rate at the upwelling site, concurrent with the low-density band formation at
low SST, high productivity and high light availability (Wellington and Glynn, 1983). Results of their
study suggest that light and nutrients are important contributors to the timing of the seasonal change in

density banding, more so than SST (Wellington and Glynn, 1983).

2.1.2 Linear Extension

Extension rate is the dominant driver of total skeletal calcification in massive Porites spp.,
accounting for up to ~70% of total skeletal calcification (Barnes and Lough, 1993). Linear extension is
also of greater importance and ecological significance than density because of the relevance to acquisition
of substratum, competition with other corals for overgrowth/shading, and resistance to predation or burial
(Highsmith, 1979). Extension rate has historically been measured as the linear thickness of annual density

bands, and as such there are fewer examples of studies of environmental drivers of extension rate



variability in the literature. Linear extension has been shown to vary as a function of sea surface
temperature and total solar irradiance, decreasing with increasing latitude (Wellington, 1996; Lough and
Barnes, 2000; Smith et al., 2007; Storz and Gischler, 2011). Increases in SST of ~1°C correspond to
increases in calcification rate of 3-5% (Lough and Barnes, 2000; Bessat and Buigues, 2001). A study of
eastern Pacific Pavona corals showed that maximum calcification tends to occur between 23.7° and
28.5°C, and that extreme highs over 30°C and lows less than 18°C impede calcification (Wellington and
Glynn, 1983). Higher extension rates in the summer are due in part to warmer SST, but also to increased
solar irradiance (Lough and Barnes, 1992; Grigg, 2006). Many studies have shown a positive correlation
between SST and coral extension rate in Porites and Pavona spp. from measured band thicknesses (Glynn
et al., 1979; Dunbar et al., 1994). This is substantiated by a demonstrated weak inverse correlation
between annual 5180 and extension rate (Dunbar et al., 1994). Research has shown disruption of extension
at low SST (such as at Galapagos, i.e. Dunbar et al., 1994), as well as anomalous high-density bands or
growth cessations under warm thermal stress.

Another environmental factor potentially driving coral growth is light availability. At Curacao,
growth rates correlate with light intensity determined by cloud cover rather than by day length (Bak,
1974). The relationship between SST, irradiance, and extension is complicated however, as shown by a
study of Galapagos corals where most of the annual extension occurred during the warm season but total
calcification rates were higher in a cool upwelling site (Wellington and Glynn, 1983). Galapagos Porites
spp. living in cooler water with seasonal upwelling appear to exhibit higher linear extension rates than
those in climatically stable environments with low levels of SST variability (Wellington and Glynn,
1983). Productivity in upwelling zones may contribute to the increased thickness of the low-density bands
and thus the increased extension rate as compared to non-upwelling sites. Pavona in the Galapagos benefit

from the reduced Equatorial Undercurrent (EUC) upwelling as a result of El Nifio events (and the reduced



cloud cover and increased light), because the sustained upwelling of 17°-18° C water can cause low
thermal stress and reduce the extension rate (Glynn and Wellington, 1983). Extension rate is suggested to
not be dependent on zooxanthellate photosynthesis, but total calcification rate is (Barnes and Crossland,
1980). Extension rates decline with depth because of reduced light availability for photosynthesis for the

zooxanthellae (Highsmith, 1979).

2.2 Coral growth as a record of the environment: ENSO and anthropogenic warming
With the understanding that coral growth is dominantly controlled by seasonal variations in SST

and irradiance, the effects of both sustained thermal stress and anomalous thermal events on coral
extension require further study. Numerous studies have found an increase in extension with increasing
SST (see Section 2.1.2 above), but coral extension rate plateaus at a species-specific upper temperature
threshold (Lough and Cooper, 2011). Long records of coral growth using spectral analysis have found
peaks in extension variability coincident with the ENSO scale of ~4-7 years, with conflicting results about
the effects of ENSO thermal anomalies on extension (Evangelista, 2007). A conceptual energy budget
suggests that a stressed coral would have a higher respiration rate and significantly reduce its energy
investment in tissue growth (Edmunds and Davies, 1986), in agreement with studies that found reductions
in extension following thermal anomalies such as ENSO and bleaching events (Glynn, 1994; Suzuki et al.,
2003; Lough and Cooper, 2011; Hetzinger et al., 2016; Zamani et al., 2016). Thermal stress from ENSO
can lead to nondeposition, or anomalously weak high-density stress bands (Glynn, Wellington &
Birkland, 1979). Contradictory studies suggest that a positive thermal anomaly in SST (reconstructed
from coral SST geochemical proxies) leads to increased extension, particularly in the context of ENSO
(Bessat and Buigues 2001; Evangelista et al. 2007). Reed et al. (2019) find no consistent coral growth
anomalies in response to regional ENSO events, though extension rate was calculated on annual time
scales, and thus is likely less sensitive to sub-annual ENSO anomalies, underestimating calcification

anomalies. Whether or not warm temperature anomalies result in faster extension is likely species- and



latitude-dependent in terms of controls on the thermal threshold for growth. Therefore, studies of
extension over long time spans can provide insights about how particular populations are likely to respond

to future warming and which are most vulnerable.

2.3 El Nifio-Southern Oscillation (ENSO) across the Pacific
2.3.1 Northern Australia and the GBR

In Northern Australia, ENSO manifests primarily through precipitation anomalies and minor SST
anomalies. In ENSO-neutral years, precipitation over the GBR peaks in February with river output to the
coastal reefs peaking in March (Reed et al. 2019). The weakening of the trade winds results in the
development of an El Nifio event, which changes circulation patterns across the equator, resulting in
reduced precipitation and river discharge over the GBR. Leading up to an El Nifio, July-Nov. demonstrate
anomalously cool SST. El Nifio peaks in December in the GBR, and SSTs immediately afterward are high
and continue to be so through the following austral winter. The opposite of this SST pattern is true for La
Nifia, though SST anomalies associated with La Nifia tend to be less strong than those of El Nifio. The
strengthening of neutral convection patterns in a La Nifia results in higher precipitation and increases the
number of tropical storms, increasing seasonal river output to the GBR. The very minor SST anomalies
associated with ENSO likely do not cause significant changes in the timing of maximum coral extension
rates. Rather, the precipitation anomalies associated with ENSO may contribute to salinity and turbidity
stress due to river output to nearshore corals, leading to altered timing of extension rates. Due to the small
SST fluctuations in the Northern GBR as a function of ENSO, previous work (Reed et al. 2019) has
shown that luminescence and 50 analyses tracking precipitation anomalies are a better proxy for
identifying ENSO events. Density was anomalously high during El Nifio (when there was low
precipitation) and low during La Nifia (with increased precipitation), but extension did not inversely

covary with these density anomalies (Reed et al., 2019). Density changes in El Nifio years could be weak



stress bands, but without the high resolution in extension rate anomalies, we likely underestimate

calcification anomalies in response to ENSO.

2.3.2 Eastern Pacific and the Galapagos Islands

In the Eastern Tropical Pacific, ENSO manifests as dramatic intra-annual SST anomalies, and the
Galapagos Islands are often considered to be located at the epicenter of ENSO activity. ENSO-neutral
years have a warm and wet season (Jan.-May) and a cool, dry season (Jun.-Dec.); this seasonality is a
function of the position of the Intertropical Convergence Zone (ITCZ) affecting atmospheric convection
patterns. Weakening of the trade winds leads to El Nifio events, which result in reduced convection,
reduced upwelling of the EUC and the deepening of the thermocline, causing strong positive SST
anomalies particularly during the cool season (Kessler 2006). The increase in precipitation during El Nifio
leads to increased cloud cover and reduced light during the otherwise cool and dry season (Trueman &
D’Ozouville 2010). La Nifia results in particularly arid conditions driven by reduced SST, increased trade

winds and increased subsidence (Trueman & D’Ozouville 2010).

Pavona spp. corals in the Galapagos have been shown to benefit from the reduced EUC upwelling as
a result of El Nifio events because the sustained upwelling of 17-18° C water can cause low thermal stress
and reduce the extension rate (Glynn and Wellington, 1983). However, it has also been shown that the
increased productivity associated with upwelling zones may lead to increases in annual extension rates, as
compared with non-upwelling localities or periods of reduced upwelling (Wellington and Glynn, 1983)
such that neutral or La Nifia years have higher extension rates. Thermal stress from ENSO (positive
anomalies under El Nifio conditions, or cold anomalies from La Nifia) can lead to nondeposition, or
anomalous weak high-density stress bands, and low extension rates (Glynn et al., 1979). Galapagos corals
are not generally subject to high volumes of river output, so precipitation anomalies associated with

ENSO likely play only a minor role in their effects on the timing of maximum extension. The seasonal
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change in light intensity associated with increased cloud cover has been shown to correspond to changes
in overall calcification rate and the timing of density band formation (Wellington and Glynn, 1983;
Schneider and Smith, 1982; Smith, 1981), which as ENSO affects precipitation patterns and thus cloud

cover, could affect the timing of extension via variability in light intensity.

3 Materials and Methods

3.1 The Growth Model
We use the numerical model of Judd et al. (2018) to investigate intra-annual variation in coral

extension as related to temperature. Input requires serially sampled temperature proxy data, in this case
Sr/Ca measurements of coral subsamples, and their associated depth (distance) within the coral core. The
chronology of coral bands, in calendar years, is determined based on Sr/Ca minima (recording local
annual SST maxima), substantiated by the annual growth bands in the coral, and additionally constrained
by the radiometric age-dating (e.g., U/Th dating) and time of collection of the coral. The model assumes
that intra-annual SST variation at the site of calcification is sinusoidal and that variation in extension can
be approximated by a clipped and skewed sinusoid. Best-fit temperature and growth sinusoids for each
year of extension are determined by fixing the periodicity of each curve to 365 days, assigning a date
(Julian day) to the annual maximum temperature value (minimum Sr/Ca measurement), and iteratively
varying the other parameters to generate sinusoids that best reproduce the observed geochemical data.
This approach converts sample depth within the core into the time domain (Judd et al. 2018). Model runs
span each year of the core for the entire record of sampled coral extension, resulting in a time series of
yearly growth profiles measured in daily modeled extension rate. The growth model relies on an
assumption of sinusoidal variation in annual temperature (Judd et al., 2018), so the local climatology must

be validated using instrumental or gridded satellite SST data for each study area (section 3.4 below).

3.2 Assessment of Growth Patterns
The model output is an extension rate in millimeters/day throughout each year of a given record.

We use these to construct an average annual growth profile, describing both the amount and timing of
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changes in extension rate throughout the year. Extension rate is normalized to the total annual extension
such that each day can be measured in percent of annual extension, thus making patterns of intra-annual
growth comparable among years and coral records. A constant normalized daily extension rate throughout
the year would be 0.0027% of annual extension per day. The month of maximum growth (MMG) within
every modeled year of each record is extracted and used to examine changes in the timing of maximum
extension rate over the duration of the record. Estimates of annual linear extension derived from the
sampled distance between each adjacent pair of Sr/Ca minima (SST maxima) are compared with
inferences of annual extension rate from the model to evaluate its ability to reproduce observed distances.

We identified the length of the growing period using changes in the inflection of modeled extension
rate sines. Using first differences between each day of intra-annual modeled coral extension rate sine
curves, the calendar day of the year in which extension rates begin increasing from one point to the next
marks the day of the start of the growing period, while the point where modeled extension rates begin to
decrease monotonically from one day to the next marks the end of the growing period. The total length of
the growing period is the total number of days of the year in which daily extension rates are increasing.
The rest of the year are days in which extension is either decreasing or daily extension rate is modeled as a
growth cessation.

To characterize the mean annual extension profiles for each record, we subtracted the minimum from
the maximum daily extension rate to yield the annual range in extension rate and calculated the mean
annual extension rate from these averaged growth profiles for each record. All these metrics were
computed over the entirety of each coral record and also over subsets of the coral records partitioned by

ENSO phase (see Section 3.3 below).

3.3 Assessment of ENSO phase
We evaluated the seasonal SST pattern of ENSO years, as defined by the Oceanographic Nifio Index

(ONI) defined over the Nifio 3.4 region (Figure 1). Years in which December-January-February (DJF)
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thermal anomalies of £0.5° C above the climatological mean were classified as El Nifio, La Nifia, or
“neutral state” calendar years, as per conventional NOAA and coral climatology practices. Nifio 3.4 was
chosen because it exhibits the initial dynamic thermal anomalies associated with the beginning of an
ENSO event as it migrates across the Equatorial Pacific. This allows us to categorize ENSO vyear for both
the West Pacific and the East Pacific as a function of the timing of the main anomaly. Years of coral
records are partitioned by ENSO phase using the ONI from NOAA which has records and classifications
of ENSO events dating back to the early 20" century. Using this index, we categorized years of coral

extension as either El Nifio, La Nifia, or neutral events.

3.4 Coral records and site climatology
3.4.1 Great Barrier Reef, Northern Australia

For the purpose of model validation, we first examine published Sr/Ca SST proxy records from two
short, modern cores (NOM and CLK) from 2 colonies of Porites from the Great Barrier Reef off the coast
of Northern Australia (Figure 1; Reed et al. 2019). CLK is located further north than NOM, and closer to
land (4 km offshore) compared to NOM (15 km offshore), and both corals were collected from similar
water depths of 2-5 m (Reed et al. 2019). The GBR records come from a relatively climatically consistent
region in terms of SST variability (Figure 2) and span from 1991-2007 (NOM) and 1993-2007 (CLK),
recent enough to employ good satellite-based coverage for examination of SST patterns, making them
appropriate records to test the growth model on corals. Daily optimum interpolation sea surface
temperature (OISST) data from near the site of coral collection (11.75-12.25°N, 143.25-143.5°E) describe
annual SST variability at this site.

3.4.2 Wolf Island, Northern Galapagos Archipelago

A long, modern (1940-2010) coral Sr/Ca record (referred to as W3 in this study, Jimenez et al. 2018)

from Shark Bay on the northeastern side of Wolf Island in the northern Galapagos serves as another

model validation site where, in this case, corals experience strong interannual SST variability due to
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ENSO anomalies. This record is both old enough and long enough to provide clear evidence of
anthropogenic SST warming (Jimenez et al. 2018) and affords the opportunity to explore the response of
coral extension rates to both episodic and long-term climate change. Daily OISST data taken from 1.25-

1.75°N, 91.5-92° W describe annual variation in SST.

3.4.3 Urvina Bay, Isabella Island, Central Galapagos Archipelago

To explore the ability of the growth model to quantify intra-annual extension in subfossil corals, we
examined a record of Sr/Ca ratios from a core from an uplifted reef of Porites lobata from Urvina Bay in
the central platform of the Galapagos. This site was chosen due to its unique climatology, where seasonal
upwelling of cold water from the Equatorial Undercurrent (EUC) drives associated shifts in winter SST
(Kessler 2006). Isabella is 2-3°C colder than the other islands in the archipelago, so has sparser corals
than the others. In addition, as above at Wolf Island, the site is strongly affected by ENSO SST anomalies.
U/Th radiometric dating give an age of the coral record of ~1571-1626 CE, during the Little Ice Age, an
interval during which Northern Hemisphere temperatures were low yet little is known about conditions in
the equatorial Pacific (Rustic et al. 2015; Hendy et al. 2002). Modern daily OISST (0.25-0.75°S,91-

91.5°W) from Urvina Bay show the modern annual distribution of SST at this site (Figure 2).

4  Results

4.1  Test of Sinusoidality of OISST Variability from Coral Localities
When a best fit sine function is applied to the OISST data in the GBR, the mean R? value for the

entire 1982-2018 record is 0.89, suggesting regularly sinusoidal annual variation in temperature at this site
(Figure 2). Maximum SSTs occur in December-January, and minimum SSTs in July-August. Little
deviation from this sinusoidal pattern occurs during either ENSO phase, suggesting minimal impacts of
ENSO dynamics on the sinusoidal distribution of temperatures in the GBR. Our examination of Optimum
Interpolated Sea Surface Temperature (OISST) since 1982 show that ENSO-neutral years have the most

seasonal annual SST, and EI Nifio phase years have the least sinusoidal distribution (Figure 2). El Nifio
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increases both the mean annual maximum and minimum SST from the neutral state, and La Nifia phases
remain similar to neutral years in the annual SST distribution. The GBR has the highest SST sinusoidality
of all examined sites in this study (Figure 2).

Daily OISST data from Wolf Island show sinusoidal annual SST variation (Figure 2). The R? of a
best fit sine function fit to the measured data is 0.537 for the entire (1982-2019) OISST record,
confirming that overall the Northern Galapagos region has more irregular annual temperature variability
than the GBR. When we examine the OISST record as a function of ENSO phases, EI Nifio years have the
best fit to a sine function with an R? of 0.63, followed by La Nifia years (R?=0.496), while neutral years

SST’s have the poorest sine fit (R?>=0.481).

Daily OISST from Urvina Bay demonstrates annual SST variability that is more sinusoidal then Wolf
Island, but less so than the GBR (Figure 2). The R? of best fit sine functions approximating daily
temperature measurements for this record is 0.718. During El Nifio years R?=0.774, neutral years
R2=0.664 and for La Nifa years R?=0.717. Residuals of the difference between best fit sine values and
SST measurements were close to zero during the entire year, supporting the conclusion that sinusoidality
is a function of climate variability (Appendix, Figure Al).

Our examination of OISST data for the Northern Galapagos (Wolf Island) and the Central
Galapagos (Isabella Island) demonstrate remarkably less sinusoidal annual SST variation than the GBR
(Figure 2), wherein El Nifio phases of ENSO have the most sinusoidal distribution of annual SST,
followed by La Nifia years, with neutral years having the least sinusoidality in SST variation. The lack of
consistent sinusoidal variability in SST in the Galapagos could be due to cofounding factors regarding the
equatorial position of the archipelago with respect to solar radiation peaking twice a year (Appendix;
figures A2-A3) and the lag in SST following insolation, combined with the seasonal upwelling of cold

water. UB is likely more sinusoidal than Wolf because of the relatively consistent seasonal timing of the
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upwelling of the EUC in the central portion of the archipelago, driving most of the seasonal pattern in

SST variation.

4.2 Variations in inter- and intra-annual extension rates
4.2.1 Western Pacific coral growth: The Great Barrier Reef

The two coral cores from the GBR (NOM and CLK) show sinusoidal variation in annual extension,
with the peak in extension rate occurring in December/January, coinciding with maximum SST at this site
(Figure 3). Extension rate is not constant throughout the year, with periods of low extension
corresponding to winter SST in the GBR. Mean modeled annual extension rate for the entirety of the
NOM and CLK records is 13.6 mm/year and 14.8 mm/year, respectively (Table 4).

The correlation between SST and extension of all years in the NOM coral record is strong, both
overall and in each ENSO phase (Table 1, Figure 3). In the average NOM record, the length of the
growing period is 211 days, with a difference of 0.12% of annual extension rate per day between the
fastest and the slowest extension rates during the average year (Table 2). The length of the growing season
and amplitude of the growth profile differ when parsed out by ENSO phase. During El Nifio years, the
length of the growing season is 199 days, with an amplitude of 0.15% of annual extension per day. During
neutral years, the length of the growing season is 183 days, with an amplitude of 0.05% of annual
extension per day. During La Nifia years, the length of the growing season is 227 days, with an amplitude
of 0.20% of annual extension per day (Table 2). The month of maximum growth (MMG) for the entire
NOM record is March. When separated by ENSO phase, the MMG is driven strongly by low number of
years (small n) and a peak of March MMG’s occurring during La Nifia years (Figure 4). NOM has fairly
constant extension throughout the year, with no years in which growth ceases (Figure 5). The growing
season (where extension rate is monotonically increasing) begins consistently in early July and ends

(extension rate is decreasing) in January-February, regardless of ENSO phase (Table 3).
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For the CLK record, the correlation between all years of modeled extension and SST is R2=0.972, El
Nifio R2=0.966, neutral years R2=0.960, and for La Nifia years R2=0.945, suggesting extension is
correlated with SST in this coral (Table 1; Figure 3). The length of the growing period for the entire
length of the CLK record is 142 days, with an amplitude of 0.31% of annual extension per day. During El
Nifo years, the length of the growing season is 145 days, with an amplitude of 0.33% of annual extension
per day (Table 2). During neutral years, the length of the growing season is 125 days, with an amplitude
of 0.21% of annual extension per day. During La Nifia years, the length of the growing season is 148
days, with an amplitude of 0.37% of annual extension per day (Table 2). The MMG for CLK is
December. During El Nifio years, the MMG occurs dominantly in November, in neutral years it occurs in
February and December, and in La Nifia years it dominantly occurs in December (Figure 4). Patterns of
annual extension in the CLK record are highly seasonal and less constant throughout the year, with a
number of years demonstrating growth cessations in mid-September (Figure 5), shortly after the annual
SST minima. The growing season begins mid-August-early September and ends by mid-January (Table
3).

4.2.2 Eastern Pacific Coral Growth: Wolf Island, Northern Galapagos

The bottom portion of the Wolf coral, W3B, grew from 1941-1983, until the coral bleached and died
during the 1982-1983 EI Nifio event. Following regrowth, the upper portion of the Wolf coral record
spans from 1987 to 2009 (collection year). The two components of the N. Galapagos coral record
demonstrate stark differences in extension, with each other and with the GBR corals. Mean modeled
annual extension rate for the entirety of the W3B and W3T records is 11.5 mm/year and 13.3 mm/year
respectively (Table 4).

The correlation between SST and extension of all years in the W3B coral record is R?=0.228, for El

Nifio years R?=0.448, neutral years R?=0.678, and for La Nifia years the relationship between SST and
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extension is not statistically significant. Overall this record of extension is poorly correlated with SST
except for during neutral ENSO phases (Table 1, Figure 3). In the average W3B record, the length of the
growing period is 198 days, with a difference of 0.13% of daily percent of annual extension between the
fastest extension rate and the lowest extension rates (Table 2). When parsed out by ENSO phase, the
length of the growing season does not vary significantly, while the difference between annual range of
extension rates varies substantially. During El Nifio years, the length of the growing season is 206 days,
with an amplitude of 0.13% of annual extension per day. During neutral years, the length of the growing
season is 191 days, with an amplitude of 0.09% of annual extension per day. During La Nifa years, the
length of the growing season is 195 days, with an amplitude of 0.3% of annual extension per day (Table
2). The month of maximum growth (MMG) for the entire W3B record is July and September. When
MMG is examined by ENSO phase, El Nifio years show MMG to occur dominantly in June and
September. For neutral years, MMG most commonly occurs in September, and for La Nifia years MMG
occurs most often in July (Figure 4). Nearly 50% of W3B years demonstrate some form of intra-annual
growth cessation (Figure 5). The growing season begins fairly consistently in January regardless of ENSO
phase and can end anywhere from late June-late August (Table 3).

The upper portion of the Wolf coral record (W3T) differs from the lower (W3B) record. Within the
W3T record, the correlation between all years of modeled extension and SST is R2=0.321, El Nifio
R2=0.132, neutral years have an insignificant correlation, and for La Nifia years R2=0.709, suggesting an
inconsistent relationship between extension and SST that varies strongly between ENSO phases in this
record (Table 1, Figure 3). The mean length of the growing period for the entire length of the W3T record
is 177 days, with a range of 0.28% of annual extension per day. During El Nifio years, the length of the
growing season is 190 days, with an amplitude of 0.27% of annual extension per day (Table 2). During

neutral years, the length of the growing season is 178 days, with an amplitude of 0.42% of annual
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extension per day. During La Nifa years, the average length of the growing season is 205 days, with an
amplitude of 0.34% of annual extension per day (Table 2). The month of maximum growth is November -
December, driven by MMG occurring most often in December in El Nifio years. In neutral years, MMG is
most coming to occur in November and January, and in La Nifia years in September and November
(Figure 4). Patterns of annual extension in the W3T record are highly seasonal with nearly half of the
years in this record including seasonal growth cessations, while some years demonstrate a pattern of more
constant extension throughout the year (Figure 5). The growing season can begin anywhere from mid-

March to late June and ends sometime between early October and late December (Table 2).

4.2.3 Eastern Pacific Coral Growth with Seasonal Upwelling: Urvina Bay, Central Galapagos

The fossil coral from Urvina Bay exhibits broadly sinusoidal extension over the course of a year,
almost directly out of phase with daily OISST measured for Isla Isabella (R?=0.694, figure 3). Due to a
lack of historical records of ENSO reconstruction, this fossil record cannot be parsed out according to
ENSO phase directly, and as such we compare the entire mean extension profile to the different phases of
ENSO SST. The correlation between the fossil extension rate and modern OISST for El Nifio years is
0.695, for neutral years is 0.551, and is highest when compared with La Nifia years with an R?=0.724
(Table 1). The growing season for the mean extension profile is ~162 days long, beginning in early May
and ending in mid-Oct. and the range of max and min growth is 0.16% of annual extension per day (Table
2). The peak in growth, occurring approximately in August (Figure 4), and corresponds to cool/cold
temperatures in the central Galapagos. There are some modeled years of extension (~4 years) that are
dramatically seasonal with most of the extension constrained to a few cool months of the year, while ~15
years are very low, constant growth rate throughout the year. However, most years of the UB record are
relatively seasonal and inversely correlated with the trends in local OISST. The model approximates mean

annual extension rate to be ~15.1 mm/year.
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5 Discussion and Interpretation
5.1 Drivers of intra-annual extension

The primary environmental correlate of extension is not consistent across sites in the Equatorial
Pacific. Previous research demonstrates that SST and/or light availability play important roles in

determining the time of maximum extension, but our study suggests a more complex relationship,

potentially including additional drivers.

5.1.1 Sea Surface temperature

The relationship between SST and intra-annual extension rate differs between the Great Barrier
Reef and the Eastern Pacific Galapagos sites. Extension rate in the GBR exhibits a generally positive
relationship with SST, while in the Galapagos, SST and extension are inversely related. In the GBR,
extension rate tends to peak during periods of warm but not maximum SST (Figure 4), suggesting that
max SST may exceed the thermal threshold for accretion but that warm temperatures nonetheless foster
faster extension rates up to a point. These model results demonstrate support for theories of increasing
extension rate with increased SST (Wellington, 1996; Lough and Barnes, 2000; Smith et al., 2007), with
maximum extension generally occurring around 29°C, up to the maximum SST near 30°C, the upper
thermal threshold for coral accretion (Done 2011). However, our GBR results contradict the timing of
formation of high-density bands in the summer for the GBR (Reed et al. 2019; Lough and Barnes 2000),
as the hypothesis of coral skeletal calcification would suggest that times of high-density accretion are
periods of low extension rates. The relationship between the timing of density band formation and intra-
annual extension rate is not as straightforward or consistent as suggested by prior works. The higher
seasonality of extension at CLK as compared to NOM could derive from its closer proximity to land and
to river output.

In the Northern Galapagos during ENSO neutral phases, intra-annual extension rate is antiphase

with SST. Generally, within the W3B record of neutral years, peaks in extension rate occur dominantly in
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September, ~1-2 months after the periods of lowest SST for this locality (Figure 4). This is counter to the
hypothesis that skeletal extension peaks during SST maxima (Wellington et al. 1996; Lough and Barnes,
2000; Smith et al., 2007). It is possible that summer temperatures in the Galapagos are near the upper
threshold of accretion for this coral. During neutral years, the correlation between SST and inter-annual
extension rate is not statistically significant, suggesting that coral extension is neither in nor out of phase
with intra-annual SST variability. Because the lower thermal stress threshold for corals is ~18°C (Done
2011), the minimum SST at this site of ~24.5°C could be ideal for maximum accretion for corals in this
environment.

The mean annual extension profiles from UB demonstrate the same antiphase relationship between
SST and extension rates seen in the W3 records, and in this case the inverse correlation is stronger (Table
1). This sub-fossil record cannot be parsed by ENSO years. However, when the mean extension profile for
the entire UB record is compared with the mean SST signatures of different ENSO phases, we find that
ENSO-neutral years show the weakest inverse relationships with SST of any ENSO phase. Maximum
extension appears to occur when SST is ~23°C. Previous studies of Galapagos Pavona spp. coral
extension rates indicate that maximum extension occurs on average between mid-January and mid-July
(the warm and cooling seasons, Wellington and Glynn 1983). The model results of intra-annual extension
suggest that maximum extension in the Galapagos tends to occur between August and January during
ENSO neutral years, when SST is coolest and/or warming from winter within the annual temperature
cycle.
5.1.2 Light availability

Results from the Galapagos support prevailing theories describing a positive relationship between
light availability and extension rate (Glynn and Wellington, 1983), and that coral extension is negatively

correlated with cloud cover (Goreau, 1959; Bak, 1974; Glynn, 1977). This relationship between light
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availability and coral growth predicts that in the dry season, with colder SSTs, coral extension should be
higher than during the wet season with warm SST and increased cloud cover, consistent with our
observations from the preceding section. Modeled extension in Galapagos corals suggests that light
availability is a more important driver of extension than are high SSTs. In contrast, in the GBR extension
rate peaks at the same time as maximum precipitation in the region, when light intensity would be at its
seasonal minimum due to cloud cover.

Solar insolation at the top of the atmosphere varies as a function of latitude throughout the year
(Appendix figures A2-A3), but radiation and energy from the sun as it reaches the coral would
additionally be a function of the amount of light penetrating through the atmosphere. This is often a
function of cloud cover, which can vary both seasonally within the year, and inter-annually during
variable climate states that shift circulation and precipitation patterns. To consider the role of light
availability in driving intra-annual extension rate, we must consider the function of cloud cover as a
distillation of the total radiative flux at Earth’s surface. In the Galapagos, peak insolation occurs at the
equinoxes, on days 83 and 261 of the calendar year, March and September, the warmest and coldest SST
at this site respectively, ~6 months apart. In the GBR, insolation peaks on day 50 and day 294, in
February and October respectively, during and ~3 months prior to peak SST at this location. In the GBR,
maximum extension generally coincides with or immediately follows maximum solar insolation, despite
this also being the rainiest (and hence presumably cloudiest) season of the year. In the Galapagos,
maximum extension coincides with the second equinox in September, and thus despite SST being at the
annual low, peak extension is coincident with a peak in insolation. The correlations between maximum
extension rate and annual solar insolation at the top of the atmosphere as a function of latitude is

contradictory to the proposed idea that coral growth is better correlated with light availability as a function
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of cloud cover as opposed to insolation (Glynn, Wellington & Wells, 1983), but supports the theory that
light availability is more important for coral extension than warm SST.

To examine this issue more thoroughly, there are a number of datasets and models with regional
and local cloud coverage data, that contain information regarding the cloud cover, thickness of clouds,
water vapor content, etc. (Zhang et al., 1995; Karlsson et al., 2013) that would allow a more in-depth
comparison of the relationship between seasonal cloud cover and intra-annual variation in extension rate.
Utilizing the various satellite measurements of clouds across the globe would provide increased high-
resolution data with which to correlate radiation at the surface and when maximum extension occurs at
these sites.

5.1.3 Role of seasonal nutrient influx

Maximum extension rate coincides with peak nutrient availability in both localities. In the GBR,
rainfall and maximum river discharge bring nutrients to the nearshore corals in March, while in the
Galapagos seasonal upwelling brings cold, nutrient-rich water to the surface in September. Upwelling of
the EUC in the Galapagos also coincides with the time of higher light availability that fosters
zooxanthellate photosynthesis.

While conceptual energy models suggest that hermatypic corals can acquire up to 90% of their
energy purely from the products of zooxanthellate photosynthesis (Falkowski, 1984), the fact that nutrient
availability coincides with maximum extension in both coral localities would suggest that nutrient
availability may play a larger role the timing of intra-annual extension rate in Porites corals than previous
work would suggest.

5.1.4 Role of timing of reproduction cycles
GBR Porites spp. typically spawn between November and January, during the warmest months of

the year (Pichon et al., 2011). Gametes develop over 3-4 months (beginning July-October), with the most
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rapid development occurring in the final 2 weeks preceding spawning (Pichon et al., 2011). While this
might suggest that metabolic energy is directed away from skeletal extension to focus on reproduction,
conceptual energy models of corals indicate that only ~1% of total metabolic energy is dedicated to
reproduction (Edmunds & Davies, 1986). Our results similarly demonstrate maximum skeletal extension
coincident with reproduction in the GBR.

Coral reproduction for Eastern Pacific Porites spp. is generally confined to the warmer months of
the year (Pichon et al., 2011). While gamete development and spawning are occurring, there are few to no
months in which maximum extension occurs simultaneously. The reproduction period in Porites spp. is
linked to the beginning of water temperature rise (Klein & Loya, 1991), and thus is not diverting much
energy from skeletal growth during reproduction in the GBR specifically. This supports the conclusion
that coral extension in the GBR is dominantly controlled by extrinsic environmental factors that vary
seasonally, and that intrinsic biological factors appear to play a very minor role in the intra-annual timing
of accretion. In the Galapagos, reproduction may be more energetically balanced with skeletal extension
where reproduction is confined to the warm months, such that exogenous factors drive extension in the

Eastern Pacific.

5.2 Effects of ENSO on inter-annual growth patterns
In the GBR, La Nifa extends the length of the growing season by about a month, beginning earlier

than in neutral years. This could be due to the marginally cooler SST reducing thermal stress during the
warmest months, or potentially from the increased precipitation and river discharge during La Nifia phases
of ENSO leading to marginally higher amounts of nutrients being distributed to the reefs. EI Nifio and La
Nifa both correlate with an increase in seasonality of intra-annual extension rates. El Nifio reduces
precipitation from ENSO-neutral years over Australia, thus reducing discharge from February to April and
reducing any turbidity or salinity stress through the remainder of the warm period. This appears to result

in an earlier peak in extension rate (MMG) in the shoreward corals. Precipitation rates begin to sharply
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increase around November in the GBR, with the growing season ending within a few months of the
precipitation increase.

In the Galapagos, El Nifio years appear to increase the length of the growing season from neutral
years in both W3 records. The response of Galapagos corals to thermal stress during ENSO could suggest
that both warm and cold thermal anomalies inhibit extension, and that perhaps it is the rate of departure
from mean SST that causes the stress, rather than the magnitude of the anomaly. This finding is consistent
with previous studies that demonstrated a similar response to thermal stress (Glynn 1994; Suzuki et al.
2003; Lough and Cooper 2011; Hetzinger et al. 2016; Zamani et al. 2016). El Nifio, with more
precipitation and cloud cover and hence reduced light availability during the cool season, could attenuate
the intra-annual range of extension rates that we see in the W3 records as compared to La Nifia years.

La Nifia years exhibit the highest intra-annual range in extension rate. In W3T, because the
strongest inverse correlation between extension rate and SST occurs during La Nifia years, as well as an
extension of the growing season by nearly a month compared to ENSO neutral years, the increase in
seasonality of extension during La Nifia years could be due to the cooler SST anomalies (although the
relationship between SST and annual extension is not statistically significant during La Nifia years in
W3B) or the increased upwelling during the cold season bringing more nutrients. W3T extension is
much more seasonal than W3B, consisting of strong seasonal peaks in extension rate and seasonal
cessations/reductions in extension. Additionally, with the more arid conditions during La Nifia,
precipitation and cloud cover decrease, allowing for increased light availability during La Nifa years.
La Nifia years also result in a shifting of the growing season to begin and end earlier in both W3 records,
although it lasts for a comparable length of the year as other ENSO phases. This shift could also
correspond with the increased nutrient upwelling from the EUC and the beginning of the dry season

occurring earlier in the year than in neutral years.
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Because the subfossil Urvina Bay record extends beyond the reach of historical ENSO records,
we are unable to parse this record out as a function of ENSO phase to examine how growth profiles for
different years correlate with their respective ENSO phase SST, and can only examine the correlation
between mean SST in UB with the mean intra-annual extension profile. We see that the higher
sinusoidality of La Nifia SST results in the strongest relationship between annual extension profiles and
SST, followed closely by El Nifio years, reflecting the same pattern we see in the Wolf corals in this
subfossil record. This suggests that the cooler SST anomalies, reduced cloud cover, or increased
nutrients from upwelling associated with La Nifia produce a stronger sinusoidal pattern of intra-annual
extension rate that correlates best with the very sinusoidal SST of La Nifia years. While El Nifio years
are warm and sinusoidal, the SST extremes occurring with the summer anomalies are possibly reducing
the strength of the relationship between temperatures and intra-annual extension due to high thermal
anomalies, increased precipitation or reduced nutrients from upwelling.

During the LIA (1400-1700 C.E.), surface temperature reconstructions suggest that thermal
anomalies over the Nifio 3 region in the equatorial Pacific could be ~0.5°C cooler than a 1961-1990
mean climatalogical relative baseline temperature (Mann et al., 2009), with a statistically significant
negative anomaly of 0.3-0.5°C over the Galapagos. If LIA SST followed the same patterns of cooling as
seen in the reconstructed LIA surface temperatures relative to the modern Galapagos SST, this cooler
tropical Pacific could have a thermal effect on the UB coral record growing at that time. When
considering the role of SST driving intra-annual variability in Galapagos coral extension rate, we
observed that thermal anomalies in the Eastern Pacific may be so extreme that the W3 corals grow duing
the cooler months of the year to avoid the transient extrema of summer SST. The inverse correlation
between modern SST and timing of extension is stronger in the UB record, suggesting that if the

relationship is entirely (or mostly) driven by SST variability, that the cooler mean state during the LIA
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would be additionally beneficial to constribute to maximum extension during the winter months of the

year.

5.3 Potential additional factors
The complex results of the Galapagos coral growth record, particularly W3B, highlight the need

for a more comprehensive study of other Eastern Pacific environmental parameters that could be affecting
intra-annual coral extension. There could be a number of reasons to explain the complexity of the
extension record. A 2016 study of Caribbean corals proposed that after a bleaching event, coral colonies
may acquire different species of photosymbionts than they possessed prior to the bleaching (Hetzinger et
al. 2016). While the repercussions of a new group of zooxanthellae are unclear, these studies suggest that
these new symbionts create a different growth signature in the coral skeleton, namely a large shift in mean
5180 values from the coral. The bleaching associated with the 1982 EI Nifio could explain the differences
between the records of intra-annual extension rate in the older and younger portions of this coral head.
Ultra-fine bands within the larger density band pairs, called dissepiments, have been correlated
with the lunar cycle (DeCarlo & Cohen, 2017). Dissepiments thus provide a potential opportunity to
evaluate coral linear extension on sub-monthly timescales. The spacing of dissepiments has been shown to
exhibit seasonality; for example, in a Porites coral from Taiwan, the spacing between dissepiments is
narrower within high-density bands (warm season) than within the low-density band (cool season),
independently suggesting that extension is slower in the summer than in the winter (DeCarlo and Cohen
2017). Unfortunately, dissepiments are not ideal for long reconstructions of extension variation because
they are not easily detectable in all corals. However, when dissepiments are available for examination,
researchers should explore these for independent confirmation of modeled patterns in intra-annual

extension rate.

Additional geochemical climate proxies from concurrent analyses in coral cores provide

opportunities for diverse exploration of intra-annual variation in environmental parameters in future
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studies. For example, Ba/Ca and §*3C could be used as tracers of variation in upwelling and primary
production (Felis & Patzold, 1998; Gonnea et al., 2017; LaVigne et al., 2016; Lea, Shen & Boyle, 1989;
LaVigne et al., 2011). 3*3C may also allow for studies of the role of reproduction in metabolic
contributions to extension (Gagan, 1994; Grottoli, 2002). Other researchers have suggested that 5:3C may
serve as a proxy for cloud cover as a function of light availability for zooxanthellate photosynthetic
contributions to the metabolic carbon available for skeletal accretion (Heikoop et al., 2000, Omata et al.,
2008; Brenner et al., 2017; Horta-Puga & Carriquiry, 2012). §'80 provides the opportunity to explore the
potential for variable freshwater influences of precipitation on coral extension. For fossil corals, for which
climate data aren’t readily available, the multiproxy data may provide additional avenues with which to
study the oceanographic drivers of intra-annual extension.

The GBR corals presented in this study have concurrent high-resolution measurements of skeletal
density. As total coral growth consists of the interplay between extension and density, a side-by-side
examination of these growth metrics would allow for a more robust interpretation and understanding of
the relationship between growth and the environment and energy trade-offs occurring in coral growth
around the world. The study by Reed et al. (2019) also presents high resolution luminosity data
demonstrating the intra-annual influence of river discharge of nutrients into the nearshore reefs. An in-
depth examination of these concurrent proxies may help further elucidate the primary drivers of intra-
annual extension rates in the GBR.

While the focus of this study was originally to examine the relationship between SST variability
and intra-annual extension rate, it has nonetheless provided a perfunctory overview of additional factors
that could be contributing to variability in intra-annual extension rate in corals. A more in-depth study on
factors in the climatologically ideal setting of the GBR would help to elucidate many of the potential

influences briefly touched on in this study. Focusing model development and application in the GBR, with
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high resolution recent SST, nearby precipitation and river discharge data, resources for examining cloud
cover as it seasonally filters solar radiation throughout the year, would allow for robust understanding of
the fundamental environmental drivers of coral extension rate in this highly seasonal locality. Utilizing
these modern coral records which overlap temporally and are relatively close in proximity, in conjunction
with the environmental data mentioned above, would allow for validation of the model and begin to more
thoroughly answer the question as to which environmental parameter is the most significant driver of
extension rate. These published coral records, in conjunction with published, concurrent, high-resolution
density and luminosity data alongside the SST proxy data, will allow for a holistic examination of the
intra-annual drivers of total coral calcification, and pave the way for application of the model to other

corals.

5.4 Model performance & future applications
The growth model was most successful at accurately simulating coral extension rates from the GBR,

with NOM exhibiting the narrowest 1o error envelopes around the modeled intra-annual extension rate
(Table 3, Figure 3). This is likely due to the regular sinusoidal variation in SST in the Northern GBR. The
success of model fit is reduced with the CLK record from the GBR, likely due to the more complex
relationships between coral extension, precipitation, and local SST. The model fit is similar across all
corals (Appendix, Figure A4) except NOM, with R? between 0.72 and 0.79 (Table 3). This suggests that
the SST variability in the Galapagos is accurately reflected in the geochemical data collected from those
corals, and that we are able to accurately model intra-annual extension variability. The high level of
interannual variability in the Galapagos corals modeled extension (seen in the wide 1o envelopes in
Figure 3) reminds us of the complex and dynamic environment in different sites.

The first-order assumption that annual SST follows a sinusoidal pattern works well for many
geographic sites. When the local climate deviates from this pattern, a new characterization of the annual

cycle is needed to properly inform the model and recover growth patterns. Such years can either be
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modeled separately with different constraints on the model parameters or omitted from the model output.
This has a benefit for paleoenvironmental proxy records when instrumental data are not available with
which to calibrate the model. Years that are modeled to have highly anomalous extension patterns could
actually be indicators of periods of anomalous climate that invalidated the sinusoidal function of the
model, providing a tool with which to identify events such as ENSO in fossil or subfossil coral records.
The reduced consistency of the Galapagos coral extension reconstruction may thus be a consequence of
violating model assumptions.

The validation of the model in modern records establishes an intriguing perspective from which to
investigate records of intra-annual extension in fossil corals. If the spatial relationships between climate
and extension hold true, application of this model could help researchers to understand variation in both
intra-annual extension and climate through time. Understanding the limitations of the background
climatology for different modern coral environments in combination with model performance in the
present will make this approach more useful to the coral research community both today and in the past.
The ability to reconstruct extension patterns allows us to evaluate the health and performance of corals
that grew in different periods of Earth’s climate history, for example before the Industrial Revolution. The
model allows researchers to examine variation in intra-annual extension and study how corals respond to
perturbations on an intra- and inter-annual basis.

The potential relevance of this approach stresses the importance of making raw geochemical data
publicly available for use in studies of intra-annual and seasonal variation. A more complete
understanding of the seasonality of coral extension will make interpretation of paleoclimate data inferred
from corals more accurate.

6 Conclusions
The model reproduces intra-annual coral extension data relatively well, as demonstrated by the high

R2 values modeling the goodness of fit between modeled Sr/Ca values and observed sample values
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(Appendix, Figure A4, Table 3). Mean annual extension is captured well with the prescribed metrics, as
the fit between observed extension and modeled extension is a perfect correlation (Table 4).

In the GBR, the NOM record demonstrates less seasonal intra-annual extension with peaks in
extension occurring in association with warm temperatures and elevated precipitation, river discharge and
cloud cover, as well as near the timing of maximum solar insolation in the region. In the CLK record, the
increased proximity to river output tells a more dynamic story of the influence of precipitation runoff and
the effects of ENSO on Australian precipitation patterns driving high seasonality in coral extension. CLK
exhibits much more seasonal growth, with extension again peaking near the time of SST maxima. Low
extension rates verging on growth cessations coincide with SST minima. Effects of ENSO in the GBR
primarily manifest through changes in precipitation patterns and their associated effects on terrestrial
processes, while SST changes are minor. This suggests that the corals are not sensitive to the ~1-2°C
changes in temperature but could be affected by terrestrial influences such as turbidity, freshwater, and
sediment/nutrient loading from seasonal fluvial sources on ENSO scales.

The contrast between coral extension in the GBR and the Galapagos reflects the variability of the
Eastern Tropical Pacific. In the Galapagos, extension typically peaks during SST minima, likely due to a
combination of light availability from maximum insolation and reduced cloud cover associated with low
precipitation, and influx of nutrients from upwelling. Extension can be fairly constant or very seasonal,
and the effects of ENSO are very dynamic and not consistent through time or space in the Galapagos. This
may suggest that Galapagos corals are particularly stressed by the environmental temperature fluctuations,
and the ~1-2 °C change during average ENSO events is more impactful. When the correlation between
SST and extension is highly variable, it provides the opportunity to examine other oceanographic or
endogenous factors that may be driving variations in intra-annual extension rate in corals across the

Pacific.
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Strong differences in the timing of reproduction in the GBR and the Galapagos relative to extension
suggest that the metabolic role of reproduction in corals is relatively minor and not a major contributor to
the timing of skeletal extension.

This subfossil Urvina Bay record provides the first seasonal paleo-perspective of extension rate
reconstructions from this model and could ultimately provide a tool with which to identify anomalous
climate events from coral geochemistry and growth patterns. It also provides a unique application of this
model with respect to evaluating coral response to long term changes in climate in a comparison of pre-
and post- industrial era coral records of extension in highly dynamic environments. This work provides
the baseline for studies of modern intra-annual coral extension rates in well understood environments and
illustrates some of the complexities and potential research directions for other coral environments in space

and time.
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7 Tables
7.1 Table 1: Annual Extension Profiles Correlated with Annual SST

Coral Mean (R?) | Nino (R?) Nada (R?) | Nina (R?)
NOM 0.937 0.917 0.868 0.926
CLK 0.972 0.966 0.96 0.945
W3B 0.228 0.448 0.678 NS

W3T 0.321 0.132 NS 0.709

UB 0.694 0.695 0.551 0.724

R2 values for the linear regression between mean annual extension profiles and annual OISST variation,
for the entire length of the coral record and parsed out by ENSO phase. NS= not statistically significant at
the p=0.05 level.

7.2 Table 2: Growing Season Information

Coral Locality Mean Days in | Growth | MMG Growth
Range of growing | Season Season End
annual season | Start day
growth (%o) day

NOM- All GBR 0.13 211 190 - March 38 -Early Feb

Years (n=17) Early

July
NOM Nifio GBR 0.15 199 193- N/A 29-Late Jan
(n=6) Early

July
NOM neutral | GBR 0.05 183 194- N/A 14 -Mid Jan
(n=6) Early

July
NOM Nifa GBR 0.20 227 187- March 51-Late Feb
(n=5) Early

July
CLK-All GBR 0.31 142 235- December | 14-Mid Jan
Years (n=15) Late

Aug

CLK Nino GBR 0.33 145 234 - November | 16-Mid Jan

(n=5) (0.33) (159) Late (26)

(shortened Aug

record) (230)

CLK Nada GBR 0.21 125 248 - Dec./March | 10- Early Jan

(n=5) Early

Sept

CLK Nina GBR 0.37 148 229- December | 14 -

(n=5) (0.34) (167) Mid Mid Jan

(shortened Aug (16)

record) (212)

W3B-All Galapagos, | 0.13 198 4-Early | July/Sept. | 211-Late July

Years (n=43) | Wolf Jan




W3B Nino Galapagos, | 0.13 206 21 -Late | June/Sept. | 237-Late
(n=15) Wolf Jan Aug
W3B Nada Galapagos, | 0.09 191 5-Early | Sept. 230-Late
(n=18) Wolf Jan Aug
W3B Nina Galapagos, | 0.33 195 344-Mid | July 176-Late
(n=10) Wolf Dec June
W3T-All Galapagos, | 0.28 177 141- Nov./Dec. | 317 -Mid
Years (n=23) | Wolf Late Nov

May
W3T Nino Galapagos, | 0.27 190 151- December | 340 -Early
(n=8) Wolf Late Dec

May
W3T Nada Galapagos, | 0.42 178 179- Nov./Jan. 356-Late Dec
(n=7) Wolf Late

June
W3T Nina Galapagos, | 0.34 205 71-Mid | Sept./Nov. | 275-Early
(n=8) Wolf March Oct
UB (n=43) Galapagos, | 0.16 162 125- August 286 -Mid Oct

Urvina Early
Bay May

Various calculations regarding different metrics of growth for each coral record, parsed out by ENSO
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phase. The range of annual growth is calculated by the maximum and minimum extension rate values for

each mean growth profile for each ENSO phase. This metric is normalized to annual growth and is

presented in percent of annual growth per day. The length of the growing season is presented in number of

days in which coral extension rate is monotonically increasing. The start of the growing season is
presented as Julian day, approximated to a month in the year. This is the day in which extension rates
begin to increase.

7.3 Table 3: Goodness of Fit Results for Coral Growth Models

Coral record

Mean R? for record

NOM 0.89
CLK/CLK Shortened 0.77/0.79
W3B 0.72
W3T 0.74
UB 0.77

The linear regression R? fit value for Sr/Ca observed sample values and Sr/Ca modeled values. CLK

shortened refers to having the years 2005 and younger removed from the record due to anomalously low
extension rates as reported in Reed et al. 2019.

7.4 Table 4: Modeled Extension Rate vs. Measured Annual Linear Extension Rate

Coral Record

Measured Mean
Annual Linear

Modeled Mean
Annual Extension

Correlation Between
Measured and

Extension (mm/year) | (mm/year) Modeled Annual
Extension (R?)
NOM 14.5 13.6 0.988




CLK 15.7 14.8 1
W3B 12.4 115 0.996
W3T 14.3 13.3 0.998
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Measured annual extension rates from literature in which coral record was published (NOM and CLK) or calculated

based on sampling distance between Sr/Ca minima (thermal maxima) for the length of the coral record.



8 Figures
8.1 Figure 1: Site map
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Figure 1. Sites of collection of original coral cores. (a) The relative locations of the Great Barrier Reef
and Galapagos sites (red boxes) as well as the Nifio 3.4 region. (b) NOM and CLK were collected from
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the Great Barrier Reef off the northern coast of Australia. Dashed lined boxes delineate the grid cell from
which daily OISST data were sourced for the GBR (11.75-12.25° S, 143-143.5°E). (c) Coral Wolf3 (W3)

was cored near Isla Wolf in the northern Galapagos. The fossil coral came from Urvina Bay (UB) near
Isla Isabella in the central Galapagos platform. Dashed box indicates the grid from which daily OISST

data were sourced for the Galapagos (W3: 1.25-1.75°N, 91.5-92°W, UB: 0.25-0.75°S, 91-91.5°W).



8.2 Figure 2: Annual Site Climatology
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Figure 2. The climatology for each site of coral collection. Light colored points represent daily OISST
record data for the GBR, and Wolf Island and Urvina Bay in the Galapagos. Each year of measured SST
was first classified by ENSO phase (EI Nifio=red, Neutral=green, La Nifia=blue) and was then fit with a
best fit sine function. The mean of these best fit sines is plotted for each site and ENSO phase as the
respective darker colored line. R? values represent the overall linear model fit between each best fit sine
function and its respective year of SST data. N values indicate the number of years from the total SST
record belonging to each class of ENSO phase. The OISST records were examined over the years 1982-

20109.



8.3 Figure 3: Intra-annual coral growth profiles

Normalized Daily Extension Rate (% of annual growth/day)

0.6

0.4

0.2

0

0.6

0.4

0.2

0

0.6

0.4

0.2

0

0.6

0.4

0.2

0

0.6

0.4

0.2

0

NOM (1991-2007)

NOM Niio

NOM Neutral

NOM Nina

R2=0.92

R2-0.93

JFMAMJJASOND

CLK (1993-2007)

JFMAMJJASOND

CLK Niio

JFMAMJJASOND

CLK Nifa

</

R2=0.95

JFMAMJJASOND

WS3B (1941-1983)

JFMAMJJASOND

W3B Nifo

JFMAMJJASOND

JFMAMJJASOND

W3B Nifa

R%=0.23

R%=0.45
/"

W3B Neutral
0.6 R2=0.68
0.4
0.2

JFMAMJJASOND

W3T (1987-2009)

JFMAMJJASOND

W3T Nifio

JFMAMJJASOND

W3T Neutral

JFMAMJJASOND

W3T Nina

R%=0.21

30

128

26

24

0.6

0.4

0.2

JFMAMJJASOND

UB (~1573-1616)

JFMAMJJASOND

UB + Nio OISST

22

0
JFMAMJJASOND

UB + Neutral OISST

JFMAMJJASOND

UB + Nifia OISST

R%=0.69

28 0. 6
26

0.4
24

HQE

wit

28

26

24

22

06 R%=0.55

28

R%=0.72

0.4

0.2

2806
26

0.4
24 24
2202 22

20 0 20

JFMAMJJASOND

20 0

JFMAMJJASOND

Month

20

0

JFMAMJJASOND JFMAMJJASOND

38

(D,) 24njesadwa] oe4Ng LIS



39

Figure 3: Plotted in each panel is the mean modeled extension rate growth profile, normalized to % of
annual growth per day, over a year. The first column in black is the mean extension rate (dashed line) for
the entire duration of each coral record, plotted alongside the mean annual SST for that site (solid line).
The second column, in red, is the mean extension rate (dashed line) for the years of coral growth classified
as El Nifo years, alongside the mean annual SST for El Nifio years within that SST record. The third
column, in green, is the same as column 2 with respect to the variables plotted and their respective line
types, with the ENSO-Neutral years selected. In column 4 is plotted the same coral growth profile for the
mean of the La Nifia years, alongside the SST curve for the La Nifia years of the SST record. Reported R?
values reflect the fit of a linear model between the mean coral growth rate and mean SST record plotted
for each panel (reported if significant at p<0.05 level) as a function of the respective ENSO phase.



8.4 Figure 4: Timing of intra-annual growth (MMG)
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Figure 4. Each panel illustrates a histogram of the distribution of the Month of Maximum Growth (MMG,
left y axis) for each coral record at different sites as a function of ENSO phase. Each panel also contains
the mean SST curve each locality (in °C, right y axis), separated by SST of each ENSO phase. The first
column in gray/black illustrates the distribution of the MMG for every year of the coral record. N values
reference the number of years of coral growth ascribed to each histogram throughout the figure. The
following columns demonstrate the breakdown of distribution of MMG’s according to how each year of
coral growth is classified within the ENSO framework: Red=EI Nifio, Green=Neutral, Blue=La Nifia
years. The fossil coral record from Urvina Bay cannot be identified according to ENSO type, and so
shows the distribution of MMG’s for the entirety of the record.
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8.5 Figure 5: Coral growth rate through time: inter- and intra-annual trends
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Figure 5. Heat maps allow for visualization of daily growth rate inter- and intra-annually. Daily growth
rate is normalized and presented as percent of total annual growth. Each year has 365 modeled growth
rate values for the length of the coral record. Color bars are scaled to maximize contrast in extension rate
for each site. The white dashed lines denote the boundaries between months of the year. Each horizontal
line of colored data represents one calendar year of coral growth. Red and blue triangles represent El
Nifio and La Nifa years respectively.
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9 Appendix
9.1 Appendix Figure Al
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Residuals (in °C) from the correlation of observed and modeled sinusoid climate data by each site.
Whisker plots show the distribution of residuals grouped by week of the year (black bar = median,
top/bottom of box = 1o, reach of whiskers = 2c, points = outliers beyond 2c), red line indicates zero. Note
that there is a non-random secular trend in the residuals, which indicates that the sinusoidal temperature fit
may be systematically underestimating measured SST extremes at all sites. Residuals from the GBR site
tend to be closest to O (the red line passes through all the boxes), which reflects the increased sinusoidality
of that site compared to the others. PA references Puerto Ayora instrumental SST data from the Charles
Darwin Research Station, the only instrumental logger in the Galapagos. The GBR and Wolf data come
from the OISST grid cells denoted in Figure 2.
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9.2 Appendix Figure A2-A3
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Relative solar insolation for 1°N and 12°S, roughly the latitudes of the Wolf Island and GBR sites,
respectively. Relative solar insolation is defined geometrically based on the formula
I=cos(lat—declination), where solar declination is defined by declination=23.45cos((2rm(t—172))/365),
where t is the Julian day. On the y axis, 1 refers to the local maximum annual solar insolation; therefore,
the relative numbers are not comparable across localities and only refer to within-site variability. In the
tropics (between 23.45°N or S), local solar insolation peaks twice per year, while only peaking once
outside of the tropics. For the Wolf sites, insolation peaks on days 83 and 261, while in the GBR sites
insolation peaks on days 50 and 294. Furthermore, there is more variability as latitude increases, which
may contribute to inter-regionally seasonal differences in coral growth.
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9.3 Appendix Figure A4
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A graphic representation of the correlation between measured Sr/Ca values that were input to the model, and
output modeled Sr/Ca values for each year of modeled coral growth, color coded by record. Mean R2 values for
the entire record are labelled on the plot in the same color as the plotted values.
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