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Abstract21

Coral geochemical climate reconstructions can extend our knowledge of global climate vari-22

ability and trends over timescales longer than those of instrumental data. However, such re-23

constructions can be biased by coral growth and skeletal architecture, such as growth troughs,24

off-axis corallite orientation, and changing growth direction. This study quantifies the impact25

of skeletal architecture and growth on geochemistry using measurements of coral skeletal26

density, extension rate, and calcification rate, and uses these metrics to improve paleocli-27

mate reconstructions. We present paired geochemistry-density records at Wolf Island, Galá-28

pagos, from three Porites lobata corals: two new paired density and geochemistry records29

from one fossil coral, and new density data from two previously published modern geo-30

chemistry records. We categorize each sampling transect used in this record by the quality31

of its orientation with respect to skeletal architecture. We observe relationships between geo-32

chemistry and density that are not detected using extension or calcification rate alone. These33

density-geochemistry relationships likely reflect both the response of coral growth to envi-34

ronmental conditions and the non-climatic impact of skeletal architecture on geochemistry in35

sub-optimal sampling transects. Correlations of density with Sr/Ca, Ba/Ca, and Mg/Ca are36

consistent with the Rayleigh fractionation model of trace element incorporation into coral37

skeletons. Removing transects with sub-optimal skeletal architecture increases mean recon-38

structed SST closer to instrumental mean SST, and lowers errors of reconstruction by up to39

20%. These results demonstrate the usefulness of coral density data for assessing skeletal40

architecture and growth when generating coral paleoclimate records.41

1 Introduction42

Coral Sr/Ca provides a well-established proxy for sea surface temperature (SST) [e.g.43

Beck et al., 1992; Corrège, 2006; Schrag, 1999], and is widely applied to reconstruct past44

climate in the Pacific [e.g. DeLong et al., 2012; Jimenez et al., 2018; Linsley et al., 2015]45

and across the global tropics [e.g. Emile-Geay et al., 2017; Loope et al., 2020; Tierney et al.,46

2015] [as reviewed by Felis, 2020]. Coral climate reconstructions provide insights into changes47

in interannual climate variability such as the El Niño-Southern Oscillation (ENSO) [e.g.48

Cobb et al., 2003, 2013; Grothe et al., 2020], Indian Ocean Dipole [e.g. Abram et al., 2003,49

2007, 2020], decadal climate variability [e.g. DeLong et al., 2012; Felis et al., 2010; Lins-50

ley et al., 2015; Nurhati et al., 2011], and long-term climate trends [e.g. Carilli et al., 2014;51

Jimenez et al., 2018; Thompson et al., 2015; Wu, 2013] over time periods that predate the in-52
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strumental record. Other trace elemental ratios (hereafter "TE/Ca"), specifically Ba/Ca and53

Mg/Ca, are often measured alongside Sr/Ca. Coral Ba/Ca can record changes in seawater54

barium concentration associated with upwelling or coastal runoff [e.g. Alibert and Kinsley,55

2008; Fleitmann et al., 2007; LaVigne et al., 2016; Maina et al., 2012; McCulloch et al.,56

2003; Montaggioni et al., 2006; Prouty et al., 2010; Shen et al., 1992], whereas Mg/Ca ap-57

pears to reflect a combination of coral "vital effects" and possibly SST [e.g. Fallon et al.,58

2003; Marchitto et al., 2018; Mitsuguchi et al., 1996; Montagna et al., 2014].59

However, coral geochemical records can be affected by growth-related artifacts, such60

as coral growth rate. For example, portions of the geochemical record with extension rates61

below a critical threshold (for massive Porites, less than approximately 0.5-0.6 cm yr−1) can62

display anomalously high Sr/Ca and δ18O values [Felis et al., 2003; Goodkin et al., 2005;63

McConnaughey, 1989], biasing climate reconstructions toward cooler SST [e.g. Alibert and64

McCulloch, 1997; Alibert and Kinsley, 2008; Cohen and Hart, 2004; de Villiers et al., 1995;65

DeLong et al., 2013; Goodkin et al., 2005; Weber, 1973]. In addition, thermal stress can im-66

pede coral growth and alter the incorporation of trace elements into coral skeletons, impact-67

ing TE/Ca proxies including Sr/Ca, Mg/Ca, and Ba/Ca [e.g. D’Olivo and McCulloch, 2017;68

D’Olivo et al., 2019; Ferrier-Pagès et al., 2018; Marshall and McCulloch, 2002]. Another69

growth-related artifact is skeletal architecture, such as lobate growth, converging corallite70

fans ("growth troughs") (Fig. 1d), changes in growth direction, and corallites angled rela-71

tive to the sampling plane (Fig. 1e). Many of these problematic features result from slabbing72

three-dimensional structures (e.g., corallite fans in lobate colonies) into two-dimensional73

slices, which is standard procedure for X-ray densitometry and geochemical sampling. Such74

features are sometimes avoidable when milling carbonate powder for geochemical analysis–75

for example, by sampling a replicate transect along a more optimal path, sampling the op-76

posing face of the coral slice, or even re-slabbing the coral along an alternate axis [DeLong77

et al., 2013]. However, many corals exhibit complex growth patterns (e.g. changing growth78

direction over their lifetimes) that prevent recovery of a slice that faithfully tracks the axis79

of growth. Sampling in suboptimal regions can be unavoidable, and can bias the geochem-80

ical record and increase age uncertainties [e.g. Alibert and McCulloch, 1997; Allison and81

Finch, 2004; Comboul et al., 2014; DeLong et al., 2013; Kuffner et al., 2017]. For exam-82

ple, increased Sr/Ca and Ba/Ca have been observed in growth troughs [Alibert and Kinsley,83

2008]. Growth rate and skeletal architecture can therefore combine to influence geochem-84
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istry in complex ways, making it necessary to identify and account for these factors in coral85

geochemical records.86

To screen for possible growth impacts, published reconstructions often include mea-87

surements of annual linear extension rate (the distance between successive annual tie points,88

such as Sr/Ca maxima or minima, or high/low density bands) [Allison and Finch, 2004; Dun-89

bar et al., 1994; Goodkin et al., 2007; Grove et al., 2013]. However, annual extension rate90

can fail to capture known growth-related artifacts [Alibert and McCulloch, 1997; Cohen and91

Hart, 1997]. For example, corallite growth terminates where corallite fans converge, and92

these corallites become thin-walled, distorted, and less dense [Darke and Barnes, 1993].93

These growth troughs may exhibit anomalously high Sr/Ca values, despite neither com-94

pression nor expansion of annual density banding (Fig. 1d)–and thus no change of extension95

rate–as a sampling path approaches a trough [Alibert and McCulloch, 1997; Cohen and Hart,96

1997; DeLong et al., 2013]. Extension rate also cannot accurately quantify growth when not97

measured along the apex of a corallite fan; instead, the angling of corallites relative to the98

sampling plane yields an apparent extension rate that can deviate from its actual value [De-99

Long et al., 2013]. Furthermore, extension rate is not a holistic metric for coral growth rate.100

Rather, coral growth is defined by the calcification rate, given by C = ED, where C is the101

annual calcification rate (in g cm-2 yr-1), E is the annual extension rate (cm yr-1), and D is102

the mean skeletal density (g cm-3) over the same time interval [Chalker et al., 1985; Lough103

and Barnes, 2000; Lough, 2008]. On interannual time scales, extension rate generally varies104

more than annual mean density within and among Porites corals; for example, a study of 245105

corals from the Great Barrier Reef found that extension rate varied by 26% of the average106

among corals, whereas density varied by only 13% [Lough and Barnes, 2000]. As a result,107

interannual variability in calcification rate is primarily driven by extension rate.108

Although the vast majority of studies focus on linear extension, coral skeletal density109

has long been used to quantify coral calcification rate [Lough and Cooper, 2011]. These110

studies address questions ranging from changes in coral growth rate in a region through time111

[De’ath et al., 2009], to coral growth response to environmental stressors [Cantin and Lough,112

2014; Carilli et al., 2017; Fabricius et al., 2011] and growth differences across sites (e.g.,113

from fore-reef to back-reef) [Lough et al., 1999; Smith et al., 2007]. Such studies harness the114

power of large sample sizes, relying on density records averaged among multiple transects115

from multiple corals in order to extract a common signal from density data, which varies116

across the three-dimensional structure within individual coral colonies and core samples.117
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This study uses an alternate approach by generating paired records of coral geochem-118

istry and density along adjacent, parallel transects along the vertical growth axis of the coral.119

This approach allows for direct evaluation of growth-related artifacts in geochemical records,120

such as the impact of decreasing density as a sampling path approaches a growth trough,121

or of weak-to-absent annual density banding despite strong climate seasonality (e.g., where122

corallites are angled relative to the sampling plane, Fig. 1c, e). The small sample size (one123

site with two partially replicated records) may make the interpretation of density data more124

sensitive to inter-transect and inter-coral differences, as well as coral ontogeny (i.e., age-125

related differences in density and extension rate). Therefore, the records presented here are126

not interpreted as local growth-rate reconstructions; rather, this approach is utilized to iden-127

tify whether a geochemical record may be impacted by localized changes in coral skeletal128

architecture.129

Here we critically examine the potential impact of growth-related artifacts on geo-130

chemical reconstructions from the Galápagos Islands, Ecuador, using paired coral geochem-131

ical and density records. These records build upon a rich history of Galápagos coral recon-132

structions [e.g. Delaney et al., 1993; Druffel et al., 2004; Dunbar et al., 1994; Jimenez et al.,133

2018; Linn et al., 1990; McConnaughey, 1989; Shen et al., 1991; Wellington et al., 1996].134

However, no Galápagos coral records span the full 20th century [Cole and Tudhope, 2017];135

several records end during the 1982-83 El Niño event [Dunbar et al., 1994; Shen et al., 1992]136

that caused wide-spread mortality across the archipelago [Glynn et al., 1988], limiting tem-137

poral overlap with satellite SST data. More recently, Jimenez et al. [2018] added a 70-year,138

partially replicated Sr/Ca record from modern Wolf Island corals, which identifies significant139

warming trends between 1940 and 2010.140

The accuracy of such coral-climate reconstructions is paramount in the Galápagos Is-141

lands. Numerous studies point to the disproportionate importance of East Pacific sites for re-142

constructions of ENSO, Pacific decadal variability, and long-term global climate trends [e.g.143

Comboul et al., 2015; Loope et al., 2020]. Unfortunately, subannually resolved coral records144

are rare in this region [Tierney et al., 2015], as modern coral reefs are rare or locally extir-145

pated [Glynn et al., 2018]. Low and variable pH [Manzello et al., 2008; Manzello, 2010],146

high nutrients and abundance of macro-faunal boring organisms [DeCarlo et al., 2015], and147

high climate variability and thermal extremes [Glynn et al., 1988, 2018, for review] com-148

pound to create a sub-optimal conditions for reef growth (hereafter "sub-optimal environ-149

ment"). This sub-optimal reef environment therefore has limited diversity and structural150
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complexity [Darwin, 1889; Cortés, 1997; Glynn, 2001; Glynn et al., 2017; Manzello et al.,151

2008], and coral colonies are more brittle and susceptible to erosion, both physical and bio-152

logical. Therefore, the surviving massive corals in the Galápagos Islands display lobate and153

variable skeletal architecture, and often exhibit death horizons and macro-borings (though154

such features can be present even in environments without such chronic stressors). Hereid155

et al. [2013] noted disagreements between instrumental data and coral climate reconstruc-156

tions from the eastern Pacific Ocean [Dunbar et al., 1994; Linsley et al., 1994, 2000], high-157

lighting the importance of accounting for possible non-climatic influences on coral geochem-158

istry. The complex growth patterns of Galápagos corals therefore provide an opportunity to159

identify and remove coral growth-related artifacts that result from this sub-optimal environ-160

ment for coral growth, potentially improving geochemical climate reconstructions.161

This study presents paired records of coral geochemistry (Sr/Ca, Ba/Ca, and Mg/Ca)162

and density from Wolf Island, Galápagos to quantify the impacts of growth-related arti-163

facts on the fidelity of geochemical climate reconstructions. We present new density data164

from two colonies analyzed by Jimenez et al. [2018], and additionally provide a new 85-year165

(1691-1776 C.E., U/Th uncertainty = ±7 yr) paired geochemical and density record from a166

fossil coral at the same site. Leveraging the sub-optimal environment, stressors, and resulting167

growth variability observed at this site, we aim to answer three overarching questions:168

1. Can we identify geochemical aberrations that are coincident with growth-related arti-169

facts, such as skeletal architecture and growth rate?170

2. How do density, extension, and calcification rate compare in their ability to iden-171

tify significant relationships between geochemistry (Sr/Ca, Mg/Ca, and Ba/Ca) and172

growth?173

3. What impact does the inclusion or exclusion of growth-related artifacts have on Sr/Ca-174

based SST reconstructions?175

2 Climate Setting176

As observed throughout the Galápagos Islands, Wolf Island (1.38°N, 91.82°W) ex-177

periences a two-season climate, governed by changes in ocean currents and trade winds178

(Fig. S1). A warm/wet season occurs between January and May as the Intertropical Con-179

vergence Zone (ITCZ) approaches Galápagos, weakening trade winds and bringing warmer180

and fresher water from the Panama Bight [Wyrtki, 1966; Trueman and D’Ozouville, 2010;181
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Kessler, 2006]; the cool/dry season occurs between June and December, as the ITCZ shifts182

northward. With a northerly ITCZ, the trade winds and the nearby South Equatorial Current183

(2-4°N) strengthen; the Equatorial Undercurrent, which shoals as it reaches the main Galá-184

pagos islands, also upwells colder, nutrient-rich waters. As a remote northern island, Wolf is185

less sensitive to the Equatorial Undercurrent and associated upwelling than the main islands,186

but is more strongly cooled by the South Equatorial Current (Fig. S1) [Kessler, 2006]. Peak187

climatological warm and cool seasons therefore occur in March and August (Fig. S2), with188

SST varying between 27.6°C and and 24.5°C, respectively (Fig. S1).189

Galápagos climate is highly sensitive to changes in SST during ENSO events. During190

an El Niño event, trade winds weaken and the thermocline deepens as the upwelling of cold191

water decreases. SST anomalies during El Niño events are persistently ≥0.5°C as a result.192

These anomalously high SSTs lengthen the hot season and increase rainfall as the ITCZ is193

displaced southward [Trueman and D’Ozouville, 2010]. The opposite occurs during La Niña,194

with increased upwelling, decreased SST (anomalies ≤-0.5°C), and low rainfall [Trueman195

and D’Ozouville, 2010].196

Long-term climate trends in this region are dependent on the length of the instrumen-197

tal record, seasonality, and location. Observations of regional SST are sparse before 1950198

(ICOADS 1°; Freeman et al. [2017]), and in situ records from the main islands within the up-199

welling region show no pronounced annual warming trends but increasing seasonality from200

1964 to 2007 [Wolff , 2010]. Published coral records from the main Galápagos islands show201

annually resolved ENSO activity as far back as 1587, with relatively stable mean SST (<1°C202

change) between 1880 and 1940 [Dunbar et al., 1994]. In contrast, coral records from the203

northern archipelago show warming trends between 1940 and 2010 [Jimenez et al., 2018].204

3 Methods205

3.1 Coral Sampling206

The fossil coral study site (WLF04 and WLF05; 1.386°N, 91.815°W) is located along207

the east side of Wolf Island at a water depth of 13 m. In May 2010, cores were obtained208

from a deceased Porites lobata colony approximately 2 m in height with little visible bio-209

erosion. The coral had split vertically into two sections post-mortality, and a complete core210

was taken from the top of each half along the vertical growth direction, with a core length211

of 174 cm for WLF04 and 163 cm for WLF05. Modern Porites lobata cores from the north-212
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east side of the island (1.425°N, 92.067°W) were also collected from 10 m depth (WLF03)213

and 13 m (WLF10). Temperature reconstructions from these modern corals were published214

by Jimenez et al. [2018]. All cores were assessed for diagenesis using scanning electron mi-215

croscopy from sections adjacent to geochemical transects [as in Sayani et al., 2011]. Addi-216

tional screening was performed in areas with extreme cold anomalies to ensure these depar-217

tures reflected the primary climate signal (Fig. S3).218

3.2 Geochemistry219

All coral cores were prepared, sampled, and analyzed for TE/Ca geochemistry using220

standard procedures [DeLong et al., 2013; Schrag, 1999]. Cores were sliced approximately221

5-10 mm thick, ultrasonicated in deionized water, and X-rayed to locate best available tran-222

sects (Fig. 2). Carbonate powder was sampled with a computerized micromill in continuous223

1 mm increments along 8 mm-wide transects for WLF04 and WLF05, compared to either 4224

or 8 mm-wide transects for WLF03 and WLF10. WLF03 and WLF10 Sr/Ca have been previ-225

ously published [Jimenez et al., 2018]. The remaining records were measured at the Univer-226

sity of Arizona using a Jobin-Yvon Optima 2c inductively coupled plasma atomic emission227

spectrometer (ICP-AES) and a Thermo iCAP 7400 series ICP-AES, which replaced the Op-228

tima in 2016. We measured reference solutions during each instrument run to correct for229

analytical drift and matrix effects, and standardized each run to the mean of repeated mea-230

surements of an internal coral standard [Schrag, 1999]. JCp-1, an inter-laboratory reference231

coral standard, was also measured for all iCAP runs for comparison to the known value (Text232

S1). Analytical precisions, determined from the standard deviation (1σ) of repeated measure-233

ments of the internal coral standard, were ≤0.043 mmol/mol for Sr/Ca, ≤0.304 mmol/mol234

for Mg/Ca, and ≤0.188 µmol/mol for Ba/Ca; precisions for each core are given in Table S1.235

Further geochemical methods are given in Text S1. Notably, the WLF04 record was gener-236

ated from both instruments, and we observed a mean offset between data replicated on both237

instruments (2 transects, 240 samples). We shifted WLF04 JY Sr/Ca and Mg/Ca data by238

this mean offset to match the mean of overlapping iCAP data (Text S1). After applying this239

correction, iCAP and JY data for WLF04 generally lie within 1σ analytical precision of each240

other (Fig. S4). The top 3 cm of WLF04 were truncated from the record due to diagenesis241

in the uppermost portion of the record, likely due to adjacent borings (Fig. 2). Finally, we242

screened all cores for geochemical outliers prior to age modeling (Text S1).243
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3.3 Density, Extension, and Calcification244

Density measurements were not made along the same transects as geochemistry, as245

geochemical sampling was destructive and completed before density measurements; instead,246

we chose density transects parallel to their corresponding geochemical transects, with a 2247

mm border separating them, on the side that most closely followed the central axis of the248

same corallite fan that was sampled for geochemistry (Fig. 2). This approach, though un-249

avoidable, may introduce some subannual age model uncertainties to the density record in250

cases where the density bands are not fully perpendicular to sampling path. To minimize the251

impacts of this chronological uncertainty, we present density results at annual rather than252

monthly resolution.253

Densitometry was performed at the Australian Institute of Marine Science using stan-254

dard procedures, including X-ray densitometry for all cores, and gamma densitometry for255

cores WLF04 and WLF05 for comparison to X-ray measurements. X-ray density was mea-256

sured following an X-radiography method adapted from Anderson et al. [2017], and details257

are given in Text S2. In brief, grayscale values were extracted from background-corrected X-258

ray positives using the Fiji software package [Schindelin et al., 2012]. Six standards of com-259

pressed Porites skeletal powder were used for calibration, applying a linear fit to known den-260

sity × thickness for each standard versus the natural log of each standard’s mean grayscale261

value (Fig. S5). Grayscale values were measured along 4 mm-wide transects at 0.005 cm262

intervals, converted to density using the grayscale calibration, and normalized by the thick-263

ness of the coral slice at each point along the transect. Density data near cracks or slice edges264

(both of which display low-density anomalies) were then removed. Uncertainty in X-ray den-265

sity measurements was quantified using the 1σ uncertainty in the calibration slope and inter-266

cept (see Text S3). Gamma results for WLF04 and WLF05 were compared to those for X-ray267

density, and the mean, standard deviation, and correlation between methods were compared.268

To calculate annual (summer-summer) extension, the distance between successive269

Sr/Ca minima (SST maxima) was measured, since we found that seasonality in Sr/Ca was270

more easily identifiable (i.e., regular and large seasonal amplitude) than in density data. Ex-271

tension rate uncertainty calculations are described in Text S3. In brief, the SST maximum272

occurred between February and June in the instrumental data; thus, the 1σ chronological un-273

certainty of this warm season maximum (for Wolf Island, ± 2.48 months) was used to com-274

pute uncertainties in extension rate. 1σ extension rate uncertainty ranged from -17% to 26%.275
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After age-modeling density using annual Sr/Ca tie points (Section 3.5), mean density276

was calculated over the same annual interval and multiplied by extension to yield annual cal-277

cification. Incomplete years (e.g., where density data is interrupted by a crack in the coral)278

were excluded from annual density, extension, and calcification calculations to avoid biasing279

the annual mean of density. Calcification rate uncertainties were conservatively estimated280

from density and extension rate uncertainties (see Text S3).281

3.4 Transect Quality Assessment282

We sorted transects by quality on a scale of 1 (optimal) to 4 (marginal), using key as-283

pects of skeletal architecture described by DeLong et al. [2013]. Transect quality was iden-284

tified in X-ray images and confirmed by examining the slice surfaces with an optical micro-285

scope. In the few cases where the qualities of the density and geochemistry transects dif-286

fered, the lowest common quality was used for both transects to yield a conservative quality287

estimate. Combined with the sub-optimal environment for coral growth, these can therefore288

be considered a worst-case scenario and conservative estimate of the impact of skeletal archi-289

tecture on coral growth in these (and other) coral cores.290

• Marginal: The transect approaches a trough where coral growth fans converge. Tran-291

sects with corallites growing at a steep angle relative to the slicing plane (that is, out292

of or into the slice) were also designated as "marginal". High-density stress bands293

adjacent to death horizons were similarly designated as "marginal".294

• Fair: The transect meets two or more of the following criteria: it crosses an area where295

corallites are slightly angled relative to the slice; the transect is located slightly off the296

apex of a corallite fan; or the slice shows disorganized corallite growth (often visible297

as weaker-than-normal density banding).298

• Good: The transect meets no more than one of the ‘fair’ criteria, and corallite growth299

is parallel to the slice surface on the sampling side of the slice.300

• Optimal: The transect is located along the apex of corallite fans, growth bands are or-301

ganized, and corallite growth is parallel to the slice surface on both sides of the slice.302

3.5 Age Modeling303

Relative ages for all data were assigned by assuming that Sr/Ca minima correspond304

to March SST maxima (Fig. S1), and linearly interpolating between these warm-season tie305
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points. For WLF03 and WLF10, all tie points are identical to those published in Jimenez306

et al. [2018]. All data were resampled at a temporal resolution of twelve samples per year.307

We use only one tie point per year due to the variable and poorly defined cool season min-308

ima, which can occur anytime between May and December (Fig. S2). To assign absolute309

ages to the fossil record, we use a U/Th-dated sample from 622 mm below the youngest310

growth band for WLF04, and 46 mm from the top of slice E for WLF05 [following methods311

of Cheng et al., 2013; Shen et al., 2002]. These depths were selected to obtain overlapping312

ages between the two cores, based on band-counting from the top of each core and the esti-313

mated offset between the top ages of these cores.314

3.6 Analyses315

The relationship between Sr/Ca and growth metrics on annual time scales (density,316

extension, and calcification) was determined using ordinary least squares regression. We317

considered the use of weighted least squares (WLS) regression, which account for uncertain-318

ties in both dependent and independent variables [Thirumalai et al., 2011]. However, WLS319

regression was not appropriate in this context because currently available methods require320

uncertainties to be symmetric (that is, the upper and lower uncertainty bounds are equally321

distant from the actual value) [Thirumalai et al., 2011], but uncertainties in all three growth322

metrics are strongly asymmetric. For this reason, we used ordinary least squares (OLS) re-323

gression to assess relationships between trace elements and growth metrics. We determined324

statistically significant relationships at the 95% confidence level. Effective degrees of free-325

dom were adjusted to account for lag-1 autocorrelation [Bretherton et al., 1999; Dawdy and326

Matalas, 1964; World Meteorological Organization, 1966]. Data were also binned by quality327

to determine whether particular transect qualities accounted for observed relationships.328

To generate a final Sr/Ca record, transects were age-modeled individually to account329

for inter-transect discrepancies in extension rate, then averaged between overlapping sections.330

This method was used to generate final records both for all data and for high-quality-only331

data. Modern corals were composited using the method described by Jimenez et al. [2018]:332

each core was Z-scored, then averaged together over overlapping sections (1982-1975; 1987-333

2010); this average was converted to a composite Sr/Ca record by applying the average and334

standard deviation between both cores. This composite was generated for all data and again335

after removing low-quality transects. Since this study generated an age-model for Sr/Ca be-336

fore averaging between transects, our final age model includes some discontinuous data (e.g.,337
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a season at the end of a transect), which may lead to small differences between results for338

Jimenez et al. [2018] and the results using all transect qualities for this study. This approach339

is needed in order to examine growth-geochemistry relationships in individual transects, as it340

avoids averaging overlapping transects of different qualities.341

For modern corals, Sr/Ca was calibrated with SST at monthly resolution from the OIS-342

STv2 AVHRR [Reynolds et al., 2007] using WLS regression for the period of continuous343

overlap between the two corals (May 1987-March 2010); for WLS weights, we used the an-344

alytical precision of the Sr/Ca measurements (calculated across all runs for that coral) and345

monthly OISST uncertainties. We then recalculated these Sr/Ca-SST calibrations after re-346

moving low-quality transects to assess possible impacts of these transects on the calibration.347

The Sr/Ca-SST calibration from high-quality transects was applied to all Sr/Ca records348

to generate reconstructed SST (SSTR) records. These SSTR records were compared to SST349

products, which were truncated to include only 1950-2010, when ICOADS sampling density350

in this region is at least monthly (i.e., > 1 observation / month) [Freeman et al., 2017]. Er-351

rors of reconstruction between SSTR and instrumental SST were assessed using root mean352

squared errors (RMSE). We then removed low-quality Sr/Ca transects from modern corals353

to create a high-quality transect record, and then applied the calibrations calculated using354

both the all-quality and high-quality Sr/Ca-SST data to this record. Finally, we compared355

the RMSEs of the resulting SST reconstructions with ERSSTv5 and HadISSTv1.1 [Huang356

et al., 2017; Rayner, 2003]. Because the high-quality transect records are shorter than the357

all-quality records, we accounted for differences in sample size by generating 1000 random358

subsets of the all-quality data with the same sample size as the high-quality transect data,359

and computed the mean and confidence intervals of the RMSEs for these random subsets.360

We compared the RMSEs for the random subset of all-quality transect data to those for the361

high-quality data.362

4 Results363

4.1 Geochemistry364

The percentage of optimal or good sampling transects varied among cores. The WLF04365

geochemical record is estimated to span 1691-1776 C.E., based on a U/Th date of 1732±7366

C.E. (Table S2) and band counting. 48% of the WLF04 record (614 months, including over-367

laps between transects) is categorized as optimal or good (Fig. 1, 2, 3, Table S3). In con-368
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trast, the WLF05 record consists entirely of fair or marginal transects (Fig. 2, S6, Table S3).369

WLF05 was age modeled using a U/Th date of 1738±5 C.E. (Table S2) and band counting.370

Because some portions of WLF05 are discontinuous, with off-axis corallite growth, WLF05371

was cross-dated with WLF04 by aligning Sr/Ca records to yield a WLF05 top date of 1776372

C.E. This absolute date was included for the sake of completeness, since our (within-core)373

analyses depend only on relative dating (i.e., band counting). For the modern corals, 48%374

of WLF03 transects (356 months) are optimal or good (Fig. 2, S7, Table S3), and 94% (343375

months) of WLF10 are optimal or good (Fig. 2, S8, Table S3). The WLF03 record spans376

1940-2010, with a growth hiatus between 1983 and 1987 (Fig. S7). WLF10 spans 1976-377

2010, with a death horizon from 1982 to 1985 (Fig. S8). Average annual extension rate for378

all corals ranged from 1.2 (WLF04) to 1.9 cm yr−1 (WLF10), such that geochemical sam-379

pling in 1 mm increments yielded approximately monthly sampling. Extension rate for all380

corals always exceeded 0.7 cm yr−1.381

4.2 Density, Extension, and Calcification414

X-ray and gamma densities produced consistent results in individual cores. X-ray den-415

sity standards generate strong calibration curves between density and grayscale on all X-ray416

images (r2 ≥0.99). X-ray density shows a significant mean offset from gamma density of417

0.08-0.09 g cm-3 (paired sample t-test, p<0.01) (Table S4). Aside from this offset, variance418

and standard deviations are nearly identical between the two methodologies (Table S4), and419

X-ray and gamma density are strongly correlated within each core (WLF04: r=0.91, p<0.01,420

n=1066; WLF05: r=0.92, p<0.01, n=179). We observe some differences in the growth met-421

rics among cores and transect qualities. Optimal and good transects generally show clear an-422

nual density bands; these bands become less distinct in fair transects or disappear altogether423

in off-axis transects (Fig. 1). Furthermore, we see clear trends toward low density in tran-424

sects that approach growth troughs (Fig. 1d). Long-term mean density between coral cores425

differ by as much as 0.4 g cm-3.426

4.3 Influence of Growth-Related Artifacts on Geochemistry427

Some portions of the WLF04 record include multi-year overlaps among transects of428

differing qualities, which we subset for further analysis (Figs. 3 and 4). Six-year windows429

surrounding each overlap were chosen to ensure adequate sample sizes from each transect,430

though not all transects span the full time period of each overlap. Overlap A (1766-1772)431
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Figure 1. Examples of quality designations for density (colored) and geochemistry (pale transects paral-

lel to density paths) transects. Top: Contrast-enhanced X-ray positives, with darker grays corresponding to

denser skeleton. Bottom: density measurements, with the long-term mean subtracted, plotted by depth along

each transect (i.e., prior to age modeling). Quality designations include: (a) optimal, with clear density bands

and parallel corallites (from WLF10 BT1a); (b) good, with slight changes in growth direction, and a sampling

path that is not co-located with the apex of a corallite fan (from WLF04 FT2b); (c) fair, with disorganized

growth and weak density banding (from WLF04 BT4); and two examples of marginal transects, including a

transect that approaches a low-density growth trough (d) (from WLF04 BT1), and a transect with strongly

angled corallites relative to the sampling plane (e) (from WLF05 AT2).

382

383

384

385

386

387

388

389

390

includes a marginal-quality transect (Transect BT1) that approaches a growth trough in the432

youngest portion of this transect. As the transect approaches the trough, density and Mg/Ca433

decrease, and Ba/Ca and Sr/Ca increase (cooler apparent SST; Fig. 1, 3, note inverted Sr/Ca434

axis). Overlapping good (AT2, BT4) and fair (AT1) transects show higher median density,435

lower median Sr/Ca (higher inferred SST), and higher median Mg/Ca than this marginal tran-436

sect. The same pattern holds true for Overlap C (1715-1721), in which two marginal tran-437

sects (FT0 and FT1a) with strongly angled corallites relative to the sampling plane overlap438

or adjoin a high-quality transect (DT2b). Ba/Ca (only available for all overlapping transects439
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Figure 2. Contrast-enhanced X-ray positive images, with darker grays corresponding to denser skeleton, of

fossil cores (WLF04 and WLF05) and modern cores (WLF03 and WLF10), with transects labeled. Colored

outlines denote geochemical transects (wide paths with solid lines and opaque shading) and density transects

(narrow paths with dotted lines and translucent shading). For WLF04 FT0, BT2, and BT4, geochemical and

density transects are co-located. Colors denote quality: optimal transects are dark blue, good transects are

light blue, fair transects are orange, and marginal transects are red. Years (C.E.) of the top and bottom of each

core section are marked.

391

392

393

394

395

396

397

in Overlap C) is higher in low-quality transects as well. Data from fair-quality transects do440

not appear to be compromised: Overlap B (1752-1758) includes one transect that transi-441

tions from fair (BT3a) to good (BT3b), and partially overlaps with a good transect (BT2).442

TE/Ca and density of the fair transect (BT3a) is not consistently different from overlap-443

ping/adjoining good transects (BT2 and BT3b). Overall, we observe low density, high Sr/Ca,444

high Ba/Ca, and low Mg/Ca anomalies in marginal transects (specifically growth troughs)445

relative to overlapping higher-quality transects.446

Extending this test from overlapping sections to the full length of these records, how-447

ever, reveals no systematic offsets among quality groups. We observe no consistent signifi-448

cant differences in density or TE/Ca between marginal or fair transects compared to higher-449

quality transects (Tables S5-S8). However, conflating factors likely affect these results, such450
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Figure 3. Age-modeled data for all WLF04 transects, including (a) Sr/Ca (y-axis is inverted so warmer SST

is upward), (b) Ba/Ca, (c) Mg/Ca, (d) X-ray density, (e) annual extension rate, and (f) annual calcification rate.

Colors denote the quality of each transect. Shading denotes 1σ uncertainty. Shaded bars denote three areas of

overlap (Overlaps A-C) between transects of differing qualities, which are further analyzed in Fig. 4. Similar

plots for WLF03, 05, and 10 are given in the Supplemental Information.

398

399

400

401

402

as higher overall quality in the most recent portion of the record that coincides with a warm-451

ing trend (e.g. WLF03), as well as grouping together skeletal features with varying density452

and geochemical impacts (e.g., growth troughs and off-axis corallites). The approach in Fig.453

4 mitigates these complications.454

We evaluate the impact of transect quality on the relationship between trace elements455

and growth by examining regressions between TE/Ca and growth metrics (density, extension,456

or calcification) for each coral (Figs. 5, 6, S10, S11). Annually resolved regressions between457

geochemistry and extension or calcification show inconsistent slopes and are not statistically458

significant, except in cases with small sample sizes (WLF05 Sr/Ca and MgCa, and WLF10459

Ba/Ca) (Fig. 5; Table S9). In contrast, correlations between Sr/Ca and density show remark-460

ably consistent slopes, ranging from -0.17 to -0.23 mmol mol-1 change in Sr/Ca per 1 g cm-3
461

increase in density. Mg/Ca and Ba/Ca relationships with density are also consistent among462
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Figure 4. Comparison of Sr/Ca (top left, inverted so that warm SST is upward), Mg/Ca (bottom left),

Ba/Ca (top right), and density (bottom right) for three portions of the WLF04 record in which transects of

differing qualities overlap: Overlap A (left column; 1766-1772), Overlap B (center column; 1752-1758),

and Overlap C (right column; 1715-1721). Scatter point color denotes quality as in Fig. 2, and each transect

is annotated above its box plot with its median value. Significant differences in medians are tested using a

Kruskal-Wallis test (where p ≤ 0.05 indicates a statistically significant difference between medians), and

the resulting p-values are given in the lower left corner of each plot. A Dunn’s post-hoc test with a Bonfer-

roni correction for multiple comparisons was then used to test for significant differences at p≤ 0.05. Greek

symbols below each transect denote each group that the transect belongs to; for example, in Sr/Ca results for

overlap A, AT1, AT2, and BT4 all belong to group α (i.e., are not significantly different from each other),

whereas BT1 is significantly different from all other transects.

403

404

405

406

407

408

409

410

411

412

413

cores: all cores show positive regression slopes between Mg/Ca and density, and negative463

slopes between Ba/Ca and density (Table S9).464

To increase sample sizes for all cores in subsequent analyses, we binned the data into465

"high quality" (optimal and good) and "low quality" (fair and marginal) for each coral record.466

We find that quality has no consistent effect on TE/Ca-growth regression slope or correla-467

tion strength or significance, regardless of the core, trace element, or growth metric (Figs.468

5, S10, S11; Table S9). For example, excluding the low-quality transects yields marginally469
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lower r values when density and Sr/Ca are correlated (Fig. 5; Table S9), but the slopes of470

these regressions differ among cores, with some slopes becoming steeper (WLF03) and oth-471

ers becoming shallower (WLF04) with the removal of low-quality transects.472
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Figure 5. OLS regressions of annual mean Sr/Ca with extension (left), annual mean density (center), and

calcification (right) for all corals, including WLF03 (green), WLF04 (purple), WLF05 (yellow), and WLF10

(magenta). 1σ uncertainty is denoted by error bars. (a-c) All data, (d-f) high-quality transects (optimal and

good) only, and (g-i) low-quality transects (fair and marginal) only. Sr/Ca is plotted with higher values (cooler

SST) upward. Regression statistics are given in Table S9.

473

474

475

476

477

To examine the influence of transect quality on SST reconstructions, we first calculated481

modern Sr/Ca-SST calibrations with and without low-quality (fair and marginal) transects.482

The Sr/Ca-SST calibrations using all transects are largely consistent with calibrations based483

on high-quality transects only (Fig. S9, Table S10). We then applied these calibrations to re-484

construct SST from Sr/Ca (SSTR), as in Jimenez et al. [2018], and compared to instrumental485

SST (ERSSTv5, 1950-2010). We find that the choice of transect quality used for calibration486

has no consistent impact on SST reconstruction: excluding low-quality transect data from487
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Figure 6. OLS regressions of annual mean density with: (a) Sr/Ca, (b) Mg/Ca, (c) Ba/Ca, and (d) extension

rate for WLF04 (purple), WLF03 (green), and WLF10 (magenta), and WLF05 (yellow) for all qualities of

data. Error bars denote 1σ uncertainty. Sr/Ca is plotted with higher values (cooler SST) upward.

478

479

480

Sr/Ca-SST calibrations does not consistently improve the agreement between reconstructed488

and instrumental SST (Table S11).489

Nevertheless, we find that removing marginal and fair transects generally decreases490

root mean squared errors with SST datasets, bringing the reconstructed values closer to that491

observed in terms of both mean and variance. When the low-quality transects are removed492

from the WLF10 record (6% of the total), the RMSE changes little (Fig. 7g). In contrast,493

removing low-quality transects from WLF03 (52% of the total record) consistently lowers the494

RMSE by up to 0.52°C (Fig. 7f). For the composite of WLF03 and WLF10, the RMSE with495

OISST decreases by 0.22°C for both HadISST and ERSST. Removing low-quality transects496

decreases SSTR variability and range of the composite, and raises mean and median SSTR of497

both WLF03 and the WLF03-10 composite, bringing each closer to that of instrumental data498

(Fig. 7a-d).499

5 Discussion511

5.1 Relationship between Density, Extension, and Calcification512

Some previous studies have observed a weak inverse relationship between annual den-513

sity and extension rate [Lough and Barnes, 1997; Scoffin et al., 1992]. These studies recon-514

struct growth rate (integrated over many transects), rather than the combination of skeletal515

architecture and growth rate (as in this study), and thus may capture a seasonal trade-off be-516

tween density and extension rate. However, such correlations are weak, likely due to the in-517

herent imprecision of extension rate measurements (see next subsection). In contrast, our518

study finds no statistically significant relationship between annual density and extension519

rate in cores with large sample sizes (Fig. 6d). The complex skeletal architecture of these520
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Figure 7. Box plot of instrumental data and reconstructed SST (SSTR) (a-d), and the root mean squared

errors (RMSE) between reconstructed SST and instrumental SST (e-g). Left panel: a) The instrumental SST

for ERSST and HadISST (1950-2010). b) SSTR for the composite of the WLF03 and WLF10 coral records

(colored), using either all data ("All") or high-quality transect data only ("HQ"). Included in each sub-figure is

each instrumental SST record (black), which is subset to match the dates included in the HQ record. Similar

comparisons are also given for WLF03 (c) and WLF10 (d). Right panel: RMSE for reconstructed SST when

compared to ERSST and HadISST, for: the composite of WLF03 and WLF10 (e) (blue), WLF03 (f) (green),

and WLF10 (g) (red). For each SST dataset, the RMSE of the data derived solely from high-quality transects

is shown (colored points), and is compared to the distribution of RMSEs of 1000 randomly generated subsets

of the all-quality datasets with the same sample size as the high-quality dataset (boxplots and gray scatter

points).
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Galápagos corals may mask or alter an inverse relationship between density and extension.521

For example, density and extension rate can decrease simultaneously in terminating corallite522

fans, and growth troughs can display anomalously low density without changes in extension523

rate [DeLong et al., 2013]. Furthermore, extension rate (and thus calcification) estimates be-524

come less precise in transects where the direction of corallite growth is not parallel to the525

sampling plane, as we often observe in low-quality transects. As a result, we do not equate526

higher density with lower extension and calcification rates. Instead, changes in density ob-527

served here occur in the absence of predictable changes in measured extension and calcifica-528

tion rates.529

5.2 Screening for Growth Impacts using Extension, Density, and Calcification530

Overlapping transects of differing qualities allow us to examine differences in geo-531

chemistry and density that may arise from skeletal architecture or growth variations. WLF04532

transects that approach growth troughs, or transects in which corallite growth is perpendic-533

ular to the sampling plane, show significantly higher Sr/Ca than overlapping higher-quality534

transects (Fig. 4). These offsets, +0.07-0.12 mmol mol-1, equate to a cold bias of 1.1-2.2°C,535

depending on the calibration applied. Because these transects are sampled from the same536

years’ growth, these offsets do not reflect a climatological signal. Marginal-quality transects537

with growth troughs displayed significantly lower density compared to overlapping high-538

quality ones (Fig. 4). Alongside close visual examination of corallite structure and X-ray im-539

ages of sampling paths, density data can therefore aid in the identification of portions of the540

geochemical record that may be compromised by density-related artifacts. Future work could541

further subdivide transect qualities to address the influence of individual features of skele-542

tal architecture (e.g. angled corallites, growth troughs, indistinct density banding) on geo-543

chemistry, as grouping disparate features together may mask significant differences among544

qualities (Tables S5-S8).545

Relationships of trace elements with extension or calcification rate are neither consis-546

tent nor statistically robust, except in a few cases with small sample sizes. Statistically in-547

significant calcification correlations may arise because calcification rate is determined by ex-548

tension rate. Extension rate measurements can be problematic for three reasons. First, annual549

extension rate may not be truly annual: the Sr/Ca minimum (SST maximum) that is used as550

a tie point to determine extension rate is not regularly timed. At Wolf Island, this problem is551

especially prevalent: though the peak warm season most frequently occurs in March, it falls552
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anytime between February and June in the instrumental record (Fig. S2). This chronological553

variability translates to a 1σ annual extension rate uncertainty of up to 26% (Text S3). Simi-554

lar chronological errors can arise from calculating extension rate directly from density band-555

ing, especially because the seasonal timing of density banding can vary between sites [Tanzil556

et al., 2016] or even through time within individual corals [Reed et al., 2019]. In contrast,557

the annual mean density error is no higher than 7%. This conservative error was estimated558

by applying the full range of possible tie points (February and June) to WLF04 density prior559

to age modeling, then calculating annual means and comparing to the annual means of the560

original WLF04 density record. Second, corallite growth that is angled relative to the sam-561

pling plane can change the “apparent” extension rate and introduce additional chronological562

errors [DeLong et al., 2013]. Third, extension rate often does not change in architectural fea-563

tures with known geochemical artifacts, such as growth troughs, which are associated with564

changes in density (Fig. 1d). For these reasons, extension rate, and therefore calcification565

rate, do not show the relationships between coral growth and geochemistry that are captured566

by density data.567

When we regress density and Sr/Ca data from all transect qualities, we find consis-568

tently negative relationships, with higher density corresponding to lower Sr/Ca (higher in-569

ferred SST); similar negative relationships are found for Ba/Ca, whereas density-Mg/Ca re-570

gression slopes are positive. Other studies similarly demonstrate the impacts of coral growth571

on geochemistry. Previous work identified inverse relationships between Sr/Ca and coral572

extension rate [Goodkin et al., 2005] or calcification rate [Kuffner et al., 2012]; other work573

demonstrates that high-density anomalies are often associated with coral stress [Cantin and574

Lough, 2014; Dodge et al., 1992; Hudson et al., 1976; Hudson, 1981]. This stress can cause575

a breakdown of seasonality for Sr/Ca and other trace elements, including a warm bias during576

the cool season [D’Olivo and McCulloch, 2017]. Finally, the negative relationship between577

density and Sr/Ca may also be partially due to decreasing density near growth troughs, as in578

DeLong et al. [2013] (Fig. 1d), which raises Sr/Ca values and introduces a cold bias into the579

geochemical record. Similar growth trough anomalies have also been observed in Ba/Ca [Al-580

ibert and Kinsley, 2008]. These growth troughs are especially prevalent in the WLF04 record581

(Fig. 3), and the elimination of these growth troughs from the record may account for the582

weakened slope of the WLF04 Sr/Ca-density regression for high-quality transects (Fig. 5e)583

compared to the all- and low-quality transects (Fig. 5b, h).584
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Nonetheless, if relationships among trace elements and density resulted entirely from585

non-climate, growth-related impacts on geochemistry, those correlations should be absent586

when low-quality transects are excluded (Fig. 5d-f). This is not the case. For example, high-587

quality transects still show negative relationships between density and Sr/Ca, though the cor-588

relation strength is marginally weaker than in the low-quality or all-quality transect data.589

Similarly, relationships remain consistent regardless of quality for both Mg/Ca and Ba/Ca.590

However, subdividing data by quality is subject to an important caveat: a relationship may591

require a certain sample size to be detectable. Power analysis reveals that sample sizes of the592

annually resolved data in Fig. 5 consistently fall below the critical sample size (n = 60-100,593

depending on the r-value) needed for a power of 80%–that is, a commonly accepted 20%594

probability of committing a Type II error [Cohen, 1977]. Given the rarity of >100-year-long595

coral records with consistent quality throughout (especially in the eastern Pacific), this sam-596

ple size limitation is unlikely to be easily resolved. Barring this sample size limitation, our597

results may indicate that relationships among trace elements and density reflect not only non-598

climate, growth-related impacts on geochemistry, but also the impacts of climate on coral599

growth.600

Modern corals, which overlap SST observations, allow us to test the alternate hypoth-601

esis that coral density changes with SST. We regressed density against SST for WLF03 and602

WLF10 during the full period of overlap (October 1981-March 2010). Monthly data was in-603

cluded for comparison because the seasonal cycle provides a high-amplitude (~3°C) source604

of SST variability that could strongly influence coral density, but we find no relationship be-605

tween SST and density on monthly time scales (Fig. S12). Monthly-scale relationships be-606

tween density and other variables may be weakened by sub-annual chronological uncertainty607

introduced to the density age model by sampling geochemistry and density along separate608

transects. Nonetheless, both cores show a weak increase of density with SST on annual time609

scales, although the significance of these relationships is limited by the small sample size610

(n ≤ 18) (Fig. S12). This warm SST-high density relationship matches the direction of611

Sr/Ca-density relationships on annual (Fig. 5) and monthly (Fig. S13) time scales in mod-612

ern corals, with low Sr/Ca (warmer inferred SST) corresponding to high density. This direc-613

tionality could result from high density stress bands during warm events [Cantin and Lough,614

2014; D’Olivo and McCulloch, 2017], or simply from higher density during warm seasons615

or years, as has been observed elsewhere [e.g. Buddemeier et al., 1974; Lough and Barnes,616

1990; Reed et al., 2019]. However, because the correlations between observed SST and den-617
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sity are weak, we cannot conclude that SST-driven density changes account for the Sr/Ca-618

density relationships seen here. Low-pH years associated with strong upwelling could drive619

this relationship; however, Galapagos coral growth metrics are generally insensitive to pH620

above 8.0, and regional seawater pH remains above this threshold [Manzello et al., 2014;621

Humphreys et al., 2018]. Density variability within a given core could be driven by a com-622

bination of climate and skeletal architecture, but more work is needed to disentangle these623

components.624

5.3 Possible Causes of Growth-Related Geochemical Artifacts625

The use of multiple trace elements sheds light on possible explanations for observed626

element-density correlations. The directionality of these relationships is consistent with the627

partitioning of each trace element that occurs as new coral skeleton forms from the semi-628

isolated calcifying fluid. The degree of partitioning is specific to each trace element: the in-629

organic aragonite-seawater exchange coefficient (KD) for Mg/Ca is ~0.001, but greater than630

1 for both Sr/Ca (~1.2) and Ba/Ca (~2.3) [Gaetani and Cohen, 2006]. The aragonite skele-631

ton that precipitates from this calcifying fluid is therefore enriched in Sr and Ba relative to632

seawater, but depleted in Mg, because Sr and Ba are preferentially partitioned into aragonite,633

whereas Mg is partitioned into the fluid [Cohen and Gaetani, 2010]. Portions of the coral634

skeleton with low density, low Mg/Ca, high Sr/Ca, and high Ba/Ca likely reflect this process635

(Fig. 6).636

In contrast, this calcifying fluid can become more "isolated" from the surrounding637

seawater when the replenishment rate of the calcifying fluid is low relative to the rate of638

skeleton formation. In this Rayleigh-like process, deposition of the initial aragonite skele-639

ton modifies the trace element composition of the calcifying fluid, lowering fluid Sr and Ba640

and raising Mg concentrations. Subsequent skeleton is lower in Sr/Ca and Ba/Ca and higher641

in Mg/Ca as a result. These ratios are found in higher-density portions of the coral skeleton.642

Though comparisons and the statistical significance of r-values are limited by sample size,643

the signs of correlations for each trace element consistently match those predicted by this644

partitioning model, with negative Sr/Ca and Ba/Ca correlations and positive Mg/Ca correla-645

tions with density (Fig. 6). Therefore, we interpret Fig. 6 as showing the increasing impact646

of Rayleigh fractionation on trace element geochemistry as density increases. This process647

could explain the low density, high Sr/Ca, low Mg/Ca, and high Ba/Ca anomalies that occur648

in growth troughs compared to corallite fans (Fig. 4): within a low-density growth trough,649
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the rate of skeleton formation is low relative to the replenishment rate of the calcifying fluid650

(i.e., weaker Rayleigh fractionation).651

These findings raise the question of whether faster or slower overall coral growth (i.e.,652

calcification) corresponds to greater Rayleigh fractionation. Unfortunately, the link between653

density and overall coral growth in this study is unresolved. We might expect the observed654

relationship of low density with weaker Rayleigh fractionation to result from a higher re-655

freshment rate of the calcifying fluid, such as by enhanced active transport by the Ca-ATPase656

pump. In addition to Ca2+, this pump transports Sr2+, with little discrimination between657

the two (with a transport stoichiometry Sr:Ca of 0.97) [Marchitto et al., 2018]. Such ac-658

tive transport has been observed during periods of higher calcification rate in Great Barrier659

Reef corals [McCulloch et al., 2017]. Because Great Barrier Reef corals often exhibit an in-660

verse relationship between density and overall calcification [Lough and Barnes, 1997; Lough,661

2008], we might expect greater active transport to co-occur at higher calcification rates and662

lower densities. Alternatively, low density could also correspond to low overall calcifica-663

tion rate for our Galápagos corals, during periods of low energy availability, low density, and664

slow growth, when the calcifying fluid is refreshed by passive transport at a rate that keeps665

pace with skeletal formation (resulting in weaker Rayleigh fractionation). Density and trace666

element anomalies present in growth troughs may support this interpretation. However, the667

lack of relationship between density and extension for the Galápagos corals (Fig. 6d) means668

that we cannot infer which of these potential mechanisms is at play, and how density relates669

to overall calcification variability at this site. Nonetheless, these trace element-density rela-670

tionships implicate Rayleigh fractionation as a contributor to the density-related geochemical671

artifacts observed here.672

5.4 Effect of Growth Rate and Skeletal Architecture on SST Reconstructions673

When reconstructing SST from modern Wolf corals (WLF03 and WLF10), we find674

only small differences among Sr/Ca-SST calibrations when all transects or only high-quality675

transects were utilized (Table S10). This consistency likely results from the high quality of676

both corals during the 1987-2010 calibration period; only 2 years of samples were excluded677

from WLF03, and 1 year from WLF10, when the calibrations from high-quality transects678

were calculated (Figs. S7, S8). When the new high-quality-transect calibrations were applied679

to high-quality-transect data spanning the full length of both cores, errors of reconstruction680

with ERSST actually increase slightly (Table S11). This indicates that the choice of Sr/Ca-681
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SST calibration cannot account for the decrease in errors of reconstruction between data682

from all-quality and high-quality transects observed in the composite and WLF03 datasets683

(Fig. 7e-g). This result is likely specific to these coral records and is not universally appli-684

cable: in instances where coral sampling paths are suboptimal during the calibration period,685

the calibration slope, intercept, and errors of reconstruction could be affected.686

Instead, because data from low-quality transects are likely impacted by density-related687

artifacts, the inclusion of such data introduces non-climate influences to the Sr/Ca record,688

increasing errors of reconstruction. These results demonstrate that more data does not al-689

ways equate to better data; for example, with WLF03, sample size decreases when low-690

quality transect data is excluded, but RMSE decreases. However, for WLF03, low-quality691

transects are more common earlier in the record, so we cannot discount the possibility that692

lower RMSE results not only from excluding low-quality transect data, but also from lower693

accuracy of the longer instrumental datasets (HadISST and ERSST) in this region prior to the694

satellite era (~1982). Therefore, the change in RMSE may partially result from eliminating695

inaccurate instrumental data in addition to eliminating low-quality coral transects. Never-696

theless, we show that excluding low-quality transects from the WLF03-10 composite record697

does not alter the significant warming trends in the second half of the 20th century found by698

Jimenez et al. [2018] (Figs. S14, S15). In fact, the only major difference results from the re-699

moval of a low-quality transect in the WLF03 record between approximately 1955 and 1970,700

which hinders the detection of trends on timescales of ten years or less (Fig. S14, S15).701

6 Conclusions702

The paired coral density-geochemistry records presented here exemplify the complex-703

ities and variability characteristic of growth in lobate, massive corals, which can compli-704

cate coral paleoclimate reconstructions. Portions of this record show geochemical offsets in705

contemporaneous data from high- and low-quality transects, and these offsets co-occur with706

changes in density. We find that extension rate (and therefore calcification rate, which is pri-707

marily driven by extension) is subject to numerous biases and consistently fails to capture708

the relationships with geochemistry that are observed using density. Density-geochemistry709

relationships may result from either non-climate, density-related impacts on geochemistry,710

or from climate impacts on coral density, and further work is needed to disentangle these711

competing factors. Nonetheless, when transects with suspected density-related artifacts (after712

[DeLong et al., 2013]) are excluded from climate reconstructions, errors of reconstruction713
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decrease by up to 20%. Regressions of other trace element ratios (Mg/Ca and Ba/Ca) with714

density implicate Rayleigh fractionation as a possible driver of density-related geochemical715

artifacts. Our Galápagos study site ultimately provides an opportunity to study coral growth716

and geochemistry in sub-optimal and increasingly stressful environments for coral growth.717

Further work is needed to assess the applicability of these results in other coral genera and718

other sites (especially sites with fewer extremes in climate and coral growth than the Galápa-719

gos region).720

Our results emphasize the importance of assessing skeletal architecture when gener-721

ating coral-based climate reconstructions. Because coral skeletons are fundamentally three-722

dimensional structures, it can be difficult to find an optimal sampling path along the apex723

of a corallite fan in a two-dimensional skeletal slice throughout the entire core. Computed724

tomography (CT) can circumvent this problem by quantifying density, extension, and calcifi-725

cation along complex, three-dimensional sampling paths. However, because skeletal powder726

for geochemistry is sampled along two-dimensional paths (i.e., after slicing the coral core),727

paired CT-geochemical studies remain an impractical prospect for avoiding growth-related728

artifacts without advances in geochemical sampling methods. Instead, two-dimensional geo-729

chemical sampling will likely be standard practice for the near future, and skeletal architec-730

ture along these sampling paths will need to be carefully addressed. This study demonstrates731

that densitometry can aid in the identification of growth-geochemistry relationships and non-732

climatic artifacts, such as decreasing density and cold biases associated with converging733

corallite fans. Ideally, densitometry that precedes geochemical sampling would permit the734

measurement of skeletal density and geochemistry along identical transects; this approach735

would enable a better comparison of these growth-geochemistry relationships on sub-annual736

time scales. However, even in the absence of density data, being selective with the inclusion737

of suspected growth-impacted geochemical data can improve climate reconstructions. These738

results can assist in generating more accurate climate reconstructions from corals with com-739

plex skeletal architecture.740

7 Data Availability Statement741

All data developed in this study are publicly accessible [Reed et al., 2021] [Creative742

Commons Attribution 4.0 International License]. Data will also be accessible via the Na-743

tional Center for Environmental Information paleoclimatology database (https://www.ncdc.noaa.gov/data-744

access/paleoclimatology-data/datasets).745
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