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Spatial variations in the stable 
isotope composition 
of the benthic algae, Halimeda 
tuna, and implications 
for paleothermometry
M. Dale Stokes1*, James J. Leichter1 & Stephen R. Wing2

On Conch Reef, Florida Keys, USA we examined the effects of reef hydrography and topography 
on the patterns of stable isotope values (δ18O and δ13C) in the benthic green alga, Halimeda tuna. 
During the summer, benthic temperatures show high-frequency fluctuations (2 to 8 °C) associated 
with internal waves that advected cool, nutrient-rich water across the reef. The interaction between 
local water flow and reef morphology resulted in a highly heterogenous physical environment 
even within isobaths that likely influenced the growth regime of H. tuna. Variability in H. tuna 
isotopic values even among closely located individuals suggest biological responses to the observed 
environmental heterogeneity. Although isotopic composition of reef carbonate material can be used 
to reconstruct past temperatures (T(°C) = 14.2–3.6 (δ18OHalimeda − δ18Oseawater); r2 = 0.92), comparing the 
temperatures measured across the reef with that predicted by an isotopic thermometer suggests 
complex interactions between the environment and Halimeda carbonate formation at temporal and 
spatial scales not normally considered in mixed sediment samples. The divergence in estimated range 
between measured and predicted temperatures demonstrates the existence of species- and location-
specific isotopic relationships with physical and environmental factors that should be considered in 
contemporary as well as ancient reef settings.

Calcareous macroalgae of genus Halimeda (Chlorophyta, Bryopsidales) are important benthic autotrophs in 
subtropical and tropical waters worldwide1–3 where they can be found from the shallow subtidal to depths 
exceeding 100 m1,4–6. In addition to being important primary producers in many ecosystems, they are an import 
aragonitic sediment source via reproduction, physical fragmentation, and herbivory7–10. In some reef settings, 
calcareous algae can contribute more than 60% of the total carbonate deposition11 and in the Florida Keys, species 
of Halimeda can contribute more reef sediment than either coral or coralline algae12. Because of the conspicuous 
sedimentary particles made by Halimeda sp., they have produced an important paleontological record since the 
early Miocene13–15 and have proven useful for environmental reconstructions and biostratigraphy16–21.

The stable isotopic composition of sedimentary fragments composed from calcifying organisms, like Hal-
imeda, can provide information regarding the integrated chemical and physical environmental conditions of 
the surrounding seawater during precipitation following the foundational work of Urey and colleagues22–25. The 
analysis of variations in δ18O, particularly when integrated with additional data from elemental ratios such as 
strontium:calcium and barium:calcium, have been used to imply natal origin in pelagic larvae26, infer variability 
in marine salinity27 as well as estimate oceanographic paleo temperature time series28. The degree to which the 
carbonate isotopic values are in equilibrium with the surrounding seawater depends upon the physical ther-
modynamic kinetics during calcification—diffusion, hydration and hydroxylation of CO2—and the degree of 
metabolically driven fractionation associated with general physiology, respiration and photosynthesis (often 
termed the ‘vital effects’). Ultimately, the preserved isotopic signature depends upon both these exogenic and 
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endogenic kinetic factors, the distribution of isotopes in the Halimeda fragments, the contribution of Halimeda 
to the total sediment record, and any syndepositional and later diagenetic effects29,30.

An individual Halimeda consists of a holdfast comprised of unorganized coenocytic filaments, and a series 
of branching segments with lengthwise oriented filaments and a laterally displaced cortex with a semi-isolated 
intercellular space31. The crystallization of aragonite is mediated by photosynthetic uptake of CO2 (see review 
in32,33) and occurs in three stages in the intercellular space. There is first the growth of fine-grained aragonite 
into the filament walls, followed by the growth of aragonite needles perpendicular to the filaments and into the 
intercellular space. The final step involves the crystallization of any remaining space with irregularly arranged 
aragonite needles16,35,36. Most evidence suggests that oxygen isotopes in Halimeda aragonite are precipitated in 
thermal isotopic equilibrium with the surrounding seawater16,32,34,37,38. Because the resulting 18O isotopic value is 
determined by physical environmental conditions (i.e. temperature) during calcification, it is believed that Hal-
imeda, under favourable circumstances, can be used to reconstruct seawater temperature in shallow-water envi-
ronments analogously to the widespread use of benthic foraminifera from deep sea sedimentary environments37.

In contrast to stable oxygen, metabolic processes affect isotopic fractionation and the incorporation of CO2 
into biogenic pathways that influence δ13C values of Halimeda aragonite39. Fractionation of carbon reservoirs 
associated with photosynthesis and respiration as well as during calcification lead to variable disequilibrium in 
δ13C values depending upon light level, growth stage and environmental conditions which can vary substantially 
in both time and space in a reef ecosystem16,32,35–41. Recent research has also examined the varying and differen-
tial effects of temperature, pH and light intensity on photosynthetic rates and calcification in Halimeda spp. in 
light of ocean acidification and warming36,42–49

, although their coincident biogenic effects on the isotopic carbon 
signature has only received limited study to date46,50,51.

In the present study we describe temporal and spatial variability in both seawater temperature and in Hal-
imeda tuna isotopic composition sampled over the irregular surface of a coral reef in the Florida Keys. The site 
chosen was Conch Reef, within the Florida Keys Marine Sanctuary, which has been the location of several decades 
of detailed study associated with NOAA and the National Undersea Research Center (Fig. 1). Details of the fine-
scale spatial and temporal variability in the physical oceanography at this site can be found in Leichter et al.52,53 
who deployed a dense array of (100 +) thermistors along the reef from June through September in 2003 and 2004, 
as well as on a less dense spatial scale almost continuously from 1992 to 201053–55. These studies have shown that 
during approximately half the year, May through September, the water column and near bottom hydrography of 
Conch Reef is strongly influenced by the episodic incursion of cool, sub-thermocline water from offshore of the 
reef slope, driven by strong semidiurnal internal tides and higher frequency internal wave activity (see also56). 
The offshore water masses interact with the reef bathymetry producing a temporally and spatially heterogeneous 
temperature and nutrient environment both across and within reef isobaths. Most importantly, the water flux 
creates areas with persistent warm and cool temperature anomalies relative to mean thermal conditions, that are 
closely associated with the heterogeneous reef topography. The pooling of cool, dense water constrained within 
pockets and depressions of low relief can remain for several hours following individual incursion events, and the 
events typically occur up to twice per day. This implies that there could be spatially distinct geochemical signals 
of the thermal anomalies detected in variability of isotopic values in calcifying benthic algae. This further implies 
that it may be important to recognize the sources and magnitude of inherent spatial variability when attempting 
to interpret patters of isotopic values through time, for example in the case of reconstructing past temperature 
patterns from historical to ancient reef sediments.

Figure 1.   Site Location. (A) Map of the study site at Conch Reef (24°57.0′ N, 80°27.3′ W) Florida, U.S.A. Map 
created using MATLAB (R2018a)102. (B) Detailed bathymetry, and Benthic Oceanographic Array (BOA) sensor 
node locations at the study site. Sensor locations sampling sites are indicated by the red dots. The depths of 
selected contour intervals are indicated by the numerals in 2 m increments and shown as the grey lines over the 
grey scale background (deeper = darker).
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The cool water intrusions are also associated with increased levels of nutrients and greater plankton densities, 
up to an order of magnitude higher than background levels, along with temperature fluctuations as great as 8 °C 
within minutes with durations of multiple hours53,57, and high frequency upwelling appears to be a significant 
overall nutrient source for the outer reef slopes53,61,62. Sampling of the water column seaward of Conch reef, 
indicated that cooler offshore water had a nearly linear increase in total inorganic nitrogen with decreasing 
temperature54 while at specific locations on the reef, integrated cooling degree-hours below 26 °C could be used 
as an index of net nutrient exposure and was strongly correlated with tissue δ15N in benthic macroalgae51. Dur-
ing the summer, the thermocline seaward of Conch reef was often relatively shallow (50 m depth), and upward 
incursions of cool (22–26 °C) water onto reef slopes occured frequently. The relatively high concentrations of 
subsurface nitrate (5–20 μmol L−1) and soluble reactive phosphate (0.1–2.0 μmol L−1) below the thermocline53,58 
indicated the potential for the offshore nutrient pool to be an important source of nutrients reaching the reef 
slope, especially at depths of > 10 m as incoming internal wave bores mixed subthermocline water with warm 
surface waters.

During the winter months, the water temperatures at Conch Reef can be on average up to 8 °C colder than 
the summer maximum temperatures and occasional atmospheric cold fronts can cause surface temperatures to 
occasionally drop below 20 °C for short periods (i.e. order one to several days). Cooling during the fall and winter 
(October through January) was associated with the breakdown of water column stratification and a reduction in 
subsurface thermal variability due to internal waves. The thermal structure and current flow patterns impacting 
Conch Reef are thus compounded by the localized seasonal variability in stratification that modulates high-
frequency variation associated with internal wave production55–60.

Here we describe spatial patterns in the stable isotopic signature of Halimeda tuna, collected at multiple 
locations across Conch Reef, for comparison to measured patterns in benthic temperature that resulted from 
interactions of local hydrography and bathymetry. Because we compared the spatial distribution of the isotopic 
signatures and benthic temperature parameters as 3-dimensional maps of the landscape, rather than as a time 
series from a single spatial location, we used a geospatial analysis technique in order to quantify the similar-
ity in the landscape maps. This provided more details on potential sources of heterogeneity in contemporary 
carbonate biogeochemistry that differentially affect isotopic values of δ18O and δ13C from sessile autotrophs, 
like Halimeda, that improve our understanding of the importance of integrating environmental variation and 
spatial heterogeneity into analysis of paleocarbonates and modelled paleoclimate indicators. We also used the 
δ18O values to compare models of the predicted seawater temperature during H. tuna carbonate formation to 
the observed spatial and temporal variation of benthic water temperature across the study site. The enhanced 
resolution of variability in both isotopic values and environmental conditions allows for a more accurate calibra-
tion for δ18O-based paleothermometers using Halimeda for new, or existing, paleorecords in the Florida Keys 
or other locations with highly variable physical environments.

Results
Temperature variability.  The benthic water temperature on Conch Reef varies about 8 °C with season and 
depth (Fig. 2). The yearly mean temperature and standard deviation at 10, 20 and 30 m depth, corresponding to 
the shallow, the mid, and base of the fore reef slope, is 26.60 ± 2.43 °C, 26.49 ± 2.38 °C, and 26.22 ± 2.35 °C respec-
tively. The yearly minimum and maximum temperatures from the long-time series sensors, are similar across 
the 10, 20 and 30 m depths due to periods of intense mixing, however the summary data averaged from a single 
sensor do not adequately describe the large spatial and temporal heterogeneity in the temperature field along the 
reef. The minimum and maximum temperature was 21.60 °C and 30.81 °C at 10 m depth, 22.04 °C and 30.72 °C 
at 20 m depth, and 21.67 and 30.54 °C at 30 m depth. During the summer months the water column seaward of 
the reef is strongly stratified. Superimposed on the general seasonal warming of the surface layers, is extensive 
high frequency variability associated with incursions of cool, deep water up the reef slope (Fig. 2B). These tem-
perature fluctuations are driven by the repeated arrival of internal waves and can be greater than 8 °C on a time 
scale of minutes to tens of minutes with a concentration in variability at the M2 tidal frequency53,57. Temperature 
variability is greatest at the base of the reef slope and the deeper depths are associated with the lowest mean tem-
peratures because not all cold incursions advect all the way up the reef slope (Fig. 3A–C). The coldest minimum 
temperatures are also found at the deepest depths, however, it should be noted that there are periods when the 
entire water column, from the 30 m isobath to the surface is isothermal and may exceed 30 °C (i.e. during August 
and September). As previously reported53,54,57, density stratification of the water column seaward of the reef is 
primarily driven by temperature changes (e.g. summer time surface temperatures 28–30 °C, and temperatures 
at ~ 100 m depth below the thermocline is 12–14 °C). There also can be slight water column variation in salinity, 
between 35 and 36.5 PSU in near-surface waters less than 100 m deep. Salinity time series measured on the reef 
slope at 21 m, can sometimes show both increases and decreases in salinity on order 0.1 to 1 PSU on the same 
time scale as the large fluctuations in temperature associated with internal waves53,54 (and Leichter unpublished 
data). However, the small density differences due to salinity variations are not as important as the large density 
changes due to temperature variation that then control the density-driven and topographically-constrained flow 
of water across the benthos57.

As shown by the temperature anomalies in Fig. 3C, there are variations in benthic temperature that are 
independent of depth that are a consequence of the reef topography. Non-zero values of the horizontal mean 
temperature anomaly imply site-specific deviations from the mean profile of temperature at a given depth. For 
example, the anomalous temperatures along the 18–20 m isobath are associated with variations in temperature 
in and around a 2–3 m depression in the reef where dense, cold water that has been advected up-reef pools and 
collects rather than immediately flowing back down slope. The reef deeper than about 22 m in this location shows 
little horizontal variation in temperature along isobaths.
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δ18O and δ13C isotopic distribution.  There were no significant differences in the seawater δ18O values 
across depths from 3 to 80 m as determined by ANOVA (F(3,22) = 1.54, p = 0.24). The mean and S.D. of δ18O 
was 0.93 ± 0.05, 0.97 ± 0.06, 0.93 ± 0.05, 0.96 ± 0.15, 0.86 ± 0.17, for the 3, 40, 65 and 80 m samples respectively. 
This result is similar to the reported seawater δ18O of + 1.0 estimated for this region from the Global Seawater 
Database63. There was a significant difference in the water collected from approximately 100 m depth with a 
mean and S.D. of 0.63 ± 0.16 using a Tukey HSD post hoc test.

The patterns of H. tuna isotopic composition are complex (Fig. 4) and not constrained to or explained only 
by location across isobaths. The inorganic/organic δ13C and δ18O values for Halimeda tuna varied both within 
and across depth gradients on spatial scales of 10–20 m. The inorganic oxygen isotope δ18O, from H. tuna 
calcium carbonate sampling (Fig. 4A) generally showed higher values along the fore-reef slope and deeper 
water (in areas with the greatest benthic water temperature variability) and was lower in water shallower than 
approximately 20 m (mean and S.D., 27.7 ± 0.92). Similarly, δ13C (Fig. 4B) shows complex spatial patterning not 

Figure 2.   Temperature variation on Conch Reef. Variation in water temperature at Conch Reef recorded at 
the 10, 20 and 30 m isobaths. Data were sampled at 2 min intervals and averaged in 10 min bins for plotting 
the complete data set. (A) Data collected from 1997 through 2006. Red line indicates the average temperature. 
(B) Expanded view of water temperature during 2004 show high temperature variability. The period of high-
resolution data collection from the Benthic Oceanographic Array, during July through September is indicated by 
the black horizontal bar.
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following isobaths (mean and S.D., − 18.1 ± 1.6). The lowest values (less than approximately − 19) were typically 
found deeper on the fore-reef (with an anomalously low, potential outlier, along the NE edge of the 18 m depth 
contour). The inorganic δ13C (Fig. 4C) shows a complex spatial distribution across all depths with highs and lows 
in some places apparently constrained by the topography, but in other locations not following benthic contours 
(mean and S.D., 1.6 ± 1.8). The lack of any strong correlation between sample depth and isotopic composition 
without considering the 3D bathymetry is highlighted in the scatter and lack of any trends of shown between 
the δ13C in, δ13C org and δ18O components and sample depth shown in Fig. 4D. As shown in Fig. 4D, there were 
no strong trends between the isotopic composition with depth, and no statistically significant relationships with 
depth were indicated when examining the isotopic variation in 3 m depth increments, ANOVA (F(4,29) = 3.73, 
p = 0.49)., ANOVA (F(4,29) = 2.71, p = 0.31), ANOVA (F(4,29) = 1.87, p = 0.30) for the inorganic/organic δ13C 
and δ18O signatures respectively.

δ18O estimates of seawater temperature.  Using the measured δ18O values it was possible to calcu-
late estimates of seawater temperature as predicted by multiple paleothermometer models (Fig.  5) and then 
interpolate the results onto the reef bathymetry. These models are linear variations of the classic Epstein et al. 
paleothermometer model24,25 : T = a – b(δ18Ocarb − δ18Osw) + c(δ18Ocarb − δ18Osw)2 where T is the predicted tem-

Figure 3.   Spatial variation in benthic temperature. Temperatures recorded by the Benthic Oceanographic 
Array over the sample area at Conch Reef during the summer (June–September) 2004 and interpolated onto 
the reef bathymetry. Details of BOA temperature analysis can be found in52,91. Depth contours, scale and 
orientation are the same for all subfigures. Note that the temperature scale varies between subfigures to highlight 
the differences. (A) Mean temperature. Numerals on grey contour lines indicate depth in m. (B) Minimum 
temperature. (C) Maximum temperature. (D) Temperature anomaly along isobaths.
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perature, δ18O carb is the δ18O signature of the carbonate, δ18Osw is the δ18O signature of the seawater in which 
the carbonate precipitated, and a, b, and c are constants particular to the specific carbonate-forming organisms 
sampled and the environment in which they were living. The constants used were from temperature calibrations 
for late Holocene Halimeda samples from the Caribbean Virgin Islands34 using the model of Grossman and 
Ku64. Miocene Halimeda reef samples21 as well as aragonite collected from the coral Porities sp. collected from 
the Galapagos69. The predicted results in Fig. 5 suggest seawater temperatures at the time of carbonate formation 
from about 17 to 46 °C, spanning but greatly exceeding both the yearly minimum and maximum temperatures 
recorded for Conch Reef. The general predicted temperature patterns do approximate the measured temperature 
patterns (Fig. 3), however there is temperature heterogeneity within isobaths over a scale of 10′s of m somewhat 
similar to the patterns indicated in the horizontal temperature anomaly (Fig. 3D).

Isotope map similarity and temperature.  The Numerical Fuzzy Kappa (NFK) measure of map similar-
ity between the predicted temperature and the measured temperature maps, indicated the closest fit (i.e. the clos-
est map similarity with the greatest Kappa value), NFK = 0.61, between δ18O predicted temperature (Fig. 5) and 
the measured mean benthic temperature (Fig. 3A), with decreasing similarity to the benthic temp minimum, 
NFK = 0.59, the temperature variance, NFK = 0.52, and the mapping of the benthic temperature maximum, 
NFK = 0.51. It is very difficult to quantitatively compare the patterning of environmental variables between 

Figure 4.   Halimeda tuna δ18O and δ13C. Isotopic analysis from Halimeda tuna samples collected at the Benthic 
Oceanographic Array node locations (see Fig. 1) and interpolated onto the reef bathymetry. Depth contours, 
scale and orientation are the same for all subfigures. (A,B) The inorganic δ13Cin and organic δ13Corg carbon 
component relative to Vienna Peedee belemnite. (C) δ18O relative to SMOW. (D) Benthic sample depth vs 
isotopic component values from A–C. The δ13Cin, δ13Corg and δ18O components are shown by the black, blue 
and green markers respectively.
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spatial maps, however, the NFK statistic provided a formal mechanism for comparison that did not rely on a 
qualitative visual assessment65. The NFK statistic varies between 0 and 1 with greater values indicating a higher 
degree of similarity between different maps (1 being identical). For the δ13C spatial distribution (Fig. 4B), the 
map similarity was greatest with the temperature maximum, NFK = 0.66, and benthic temperature variance, 
NFK = 0.63. The spatial map similarities between measured (i.e. δ18O) and predicted metrics do not show as 
close a fit with the raw bathymetry (Fig. 1B) with NFK values between 0.3 and 0.45. The complex relationship 
between the benthic topography at Conch Reef and its influence on the local hydrography which varies from 
minute to seasonal timescales is explored in Leichter et al.52. The topographically constrained water flow across 
the reef front generates high and low temperature anomalies (Fig. 3D) which influence the local benthic environ-
ment and complicate the interpretation of spatially and temporally averaged data sets.

Discussion
The high degree of physical and biological variation within isobaths suggests that simple interpretations of 
apparent depth effects on biological parameters may be problematic when considering ancient or contemporary 
systems where extensive sampling within depths is often absent due to logistic or experimental design limitations. 
This variation, on spatial scales from cm to many meters and likely resulting from processes that vary on temporal 
scales from minutes to seasons can be of significant ecological importance to benthic sessile organisms, includ-
ing benthic algae like H. tuna, that can be sensitive to relatively small changes in the physical environment. On 
coral reefs, temperature variability is intrinsically important because of the physiological stresses on the sessile 
benthic community occurring at both low and high temperatures68,69 and also because it can often be inversely 
correlated with the concentration of dissolved nutrients (like on Conch Reef), which is critical for the growth 
of autotrophs. Similar physical forcing has been identified in other coral reef habitats70–73 and in a wide variety 
of other shallow water marine environments74–77. In the case of Conch Reef, mapping seawater temperature and 
thermal anomalies onto the reef topography reveals distinct locations on the reef with persistent cooling and 
warming while spatial mapping of H. tuna isotopic signatures also reveals both large and small scale heterogene-
ity in biogeochemical patterns.

The complex flow of tidal currents and incident internal waves interacts with reef topography that then chan-
nels and guides gravity-driven density flows and produces heterogeneity in cool water exposure and residence 
times that the benthic community experiences52. For example, temperature anomalies evident in Fig. 3 are 
associated with the highs and lows of reef topography that channel the movement of nutrient rich, cooler, and 
therefore denser waters. The importance of exposure to offshore nutrient sources to benthic primary producers 
like Halimeda is supported by recent experimental evidence by other researchers. Smith et al.78 and Vroom et al.3 
measured higher growth rates of H. tuna on the reef slope at Conch Reef with increasing depth. In response 

Figure 5.   Predicted paleotemperature mapped onto reef bathymetry. Predicted temperatures using isotopic 
thermometer models, which are variations of the Epstein paleotemperature equation24,25 interpolated over 
the reef bathymetry using the sampled δ18O data. The numerals on the grey contour lines on the map indicate 
depth in m. Because the models are linear, the colour bar gradient and range is identical for all model results, 
however the absolute scaling varies. The two temperature colour bars above the map are identical. The predicted 
temperature scales are calculated from: (A) late Holocene Halimeda from the northwest Caribbean34 using 
Grossman and Ku64; (B) Miocene Halimeda reef material21 modified from Böhm et al.67; (C) Porities sp. 
aragonite collected from the Galapagos81.
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to a series of nutrient addition experiments across depths at Conch Reef78, Smith et al. found that H. tuna at 
21 m showed no change in growth rate, but showed an increased growth response at 7 m depth suggesting that 
the shallower individuals live in nutrient-poor conditions. The heterogenous spatial patterning in H. tuna δ13C 
(Fig. 4) that can be related to the efficiency of photosynthetic pathways and physiological fractionation32,39–41 are 
then not surprising as even H. tuna growing in relatively close proximity may experience very different growth 
regimes and phytophysiology due to variation in light intensity, nutrient supply and interspecific interactions 
with benthic neighbours45.

In a paleoecological study, Holmes34, analysing the δ18O signature from Halimeda fragments deposited in 
sediment from Florida and the Caribbean (Virgin Islands), found evidence of an approximately 4 °C cooler time 
period roughly 4,000 years before the present in the Northeast Caribbean. Holmes applied the Grossman and Ku64 
paleothermometer model originally formulated for δ18O in benthic foraminifera aragonite whose precipitation 
is considered to be in close equilibrium to seawater64,79,80. The Halimeda fragments from the Virgin Islands had 
a δ18O range from − 2.5 to − 2.0 ‰ (mean 2.15 ‰), yielding predicted temperatures from 26.7 to 28.9 °C which, 
when assuming the seawater δ18O to be close to 0 ‰, was within the range of measured values for the area. 
Holmes34 also reported Halimeda δ18O values of − 3.3 to − 3.0 ‰ for Marquesas Keys in Florida, correspond-
ing to predicted temperatures of 29.8–31.0 °C, also within the range of measured temperature at that location.

On Conch Reef, by contrast, H. tuna δ18O ranged from − 5.06 to − 2.07 with mean − 3.36 ‰. Following 
Holmes34 and using the equation of Grossman and Ku64 and a seawater δ18O of + 1.0 estimated for this region 
from the Global Seawater Database63 (similar to the water samples collected during this study), yields predicted 
temperatures ranging from 30.0 to 41.4 °C with mean of 34.9 °C (Fig. 5). However, these mean temperatures are 
significantly higher than measured temperatures at the site even during the warmest summer months and at the 
shallowest depths. Other paleothermometer models based on isotopic signatures from foraminifera, and models 
from derived from Miocene Halimeda and vermitid reefs in Brachert et al.21 using equations modified from Böhm 
et al.67, overestimate contemporary reef temperatures on Conch Reef by 10 °C. Whereas, it is interesting to note 
that an estimate of benthic seawater temperature from a model using contemporary isotopic signatures from 
Porities sp. Aragonite40,41,66 yield an estimated temperature range that is similar to the yearly benthic temperature 
range at Conch reef (see Fig. 2). In this case, the model was derived from coral rather than algal carbonate, and 
predicts a temperature span from about 19 to 32 °C, and was calibrated on aragonite collected from the Galapagos 
(see also81) at a reef location which undergoes similar yearly temperature fluctuations of 6 to 8 °C and similar 
cold water upwelling as found along reefs in the Florida Keys.

The large seasonal and daily temperature fluctuations present at Conch Reef, and the heterogeneous physical 
conditions experienced by the benthos, even along isobaths, (Fig. 3 and50) are imbedded in the time-averaged 
18O calcification signature sampled from H. tuna which has a lifespan anywhere from 1 to > 12 months at Conch 
Reef3 and maximal growth during summer months coincident with the period of maximum temperature vari-
ation. Using the spatially sampled temperature field and δ18O signatures sampled here (i.e. Fig. 5) it is possible 
to produce a temperature calibration specific to Halimeda and which is likely to be applicable to reefs of the 
Florida Keys which experience similar hydrography55. As shown in Fig. 6, δ18O ranged between approximately 
− 5 and − 2.5 from the sampled locations which experienced a mean temperature of between approximately 26 
and 28 °C regardless of depth and in spite of the large range of internal wave induced temperature variation. 
The best fit model line (solid black line) calculated using a least squares regression suggests a temperature cali-
bration T (in °C) = 21.0−2.6 (δ18OHalimeda − δ18Oseawater) − 0.24 (δ18OHalimeda − δ18Oseawater)2 with r2 = 0.26. It should 
be noted that this calibration uses the temperature data collected only during the summer months. A better 
representation of the general temperature field may be calculated from the long time series (1997–2006, from 
Fig. 2) as the mean benthic temperature binned into 5 m depth intervals (from 10 to 35 m at the Conch Reef 
site) and shown by the red filled circles. Using these points, suggests a simple linear temperature calibration, T 
(in °C) = 14.2−3.6 (δ18OHalimeda − δ18Oseawater) for the binned mean temperature data from 1997–2006 (r2 = 0.92) 
which may be useful for other temperature reconstructions. The overestimates produced by the Holmes34 and 
Brachert et al.21 Halimeda calibrations and the similarity to the Porities aragonite calibration from the upwelling 
Galapagos reefs is also shown.

An additional way to interpret disparity in the predicted temperature data could be that the measured δ18O 
values in the H. tuna aragonite may be lower (less enriched in 18O) than would be expected based on estimates 
of the average seawater δ18O for the Florida Straits and known temperatures at the site. If we assume a lower 
value of seawater δ18O, − 1.5 ‰, rather than + 1.0 approximated from63 we attain a more reasonable range of 
predicted temperatures, 22.8–33.8 °C with mean of 27.5 °C. Under the modelling assumptions, the relatively 
low (less enriched) δ18O values we find for H. tuna aragonite imply that seawater δ18O is approximately 2.5‰ 
lower than expected based on observed values for the offshore waters of the Florida Keys. Fresh water input is a 
possible source for low seawater δ18O values27. Thus, the relatively positive δ18O signatures for H. tuna at Conch 
Reef may be indicative of freshwater input into this system, perhaps via frequent heavy rainfall and potentially 
from inshore or submarine groundwater sources with more negative levels of δ18O88,89. However, groundwater 
input has not been identified in prior tracer experiments82–85, benthic temperature and salinity data53,54, or radium 
isotopic measurements86 and the effects of well-mixed rainfall at the reef front would be negligible. Salinity can 
vary along with temperature during the arrival of internal waves, however salinity remains in the range of full 
ocean salinity (e.g. 35 to 36.5 PSU at the site), and does not indicate significant impact of low salinity water at 
the depths of the reef surface57 (and J. Leichter unpublished data). Although there were indications of lower δ18O 
seawater values in offshore water collected at or below 100 m, (0.6 vs 1.0), this small difference does not have a 
large influence in predicated temperatures, and usually, the water that advects onto the reef front is often well 
mixed and from much shallower depths52–57.

Additionally, although it is of minimal importance in the contemporary Halimeda samples collected here, in 
a paleoenvironmental context, it is also important to consider potential syndepositional and diagenetic effects 
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on Halimeda fragments in the sediment. These effects can be significant and under some conditions can occur 
even within 500 days of burial30. The coupled dissolution and re-precipitation of carbonate can lead to a shift in 
isotopic signature towards equilibrium with the sediment pore waters and away from that of the seawater from 
which it originally precipitated. The possible isotopic shift towards pore water equilibrium and the complexi-
ties in biologically-mediated fractionation during fragment formation suggests that co-occurring inorganically 
precipitated marine cements within paleocarbonate samples, may provide fidelity for oceanographic geochemical 
conditions than do the skeletal fragments bound within87 .

Wefer and Berger38, summarized most cogently, “Vital effects must not be seen merely as a vexation in 
attempting to reconstruct the environment, however. The task is to extract some of the wealth of ecologic infor-
mation (illumination, food supply and life history) which is hidden in the disequilibrium patterns of the iso-
topic signals.” In the case of Halimeda, its rapid growth, robust aragonitic form and distinctive fragmentation 
products create a carbonate sediment amenable to paleoenvironmental reconstruction, with certain caveats. 
Evidence suggests that the Halimeda δ18O signature is precipitated in equilibrium with seawater, hence its use as 
paleothermometer, but, as evidenced here, both δ18O and δ13C values can show high variability over short spatial 
scales and within a single depth isobath. A linear model fit to the δ18O data, even if sampled along a single depth 
isobath, may not be easy to interpret, and a mixed or homogenized sample that incorporates the full range of 
variability underestimates the heterogeneity that may be a real and important component of a dynamic environ-
ment. Paleocarbonate samples that show large heterogeneity in both δ18O and δ13C within a single sedimentary 
horizon may be indicative of reef settings that have a variable thermal, salinity, and nutrient regime associated 
with internal waves and tides like at Conch reef.

Methods
Study site.  The data were collected as part of a series of studies at Conch Reef in the Florida Keys, USA 
(24°57.0 N, 80°27.3 W), with the National Undersea Research Center, Fig. 1A,B. This location is similar to other 
reefs in the upper Florida Keys, consisting of a living benthic assemblage encrusting a thin Holocene veneer 
of scleractinian corals, sponges hydrozoans, and coralline, filamentous and fleshy algae covering a Pleistocene 
carbonate platform89–90. The shallow fore reef at approximately 8–10 m depth and the fore reef both slope gradu-
ally (ca. 2–5% slope) to approximately 16 m depth where the slope becomes steeper (ca. 8–15% slope) down to 
the base of the reef at 30–32 m depth. In some locations, a series of 1–2 m height parallel coral spurs separated 
by sand channels transect the fore reef slope. At the base of the fore reef, a gradual (1–5%) sand slope extends 
seaward of the reef for 20–30 km into the deeper channel of the Straits of Florida. At the Conch Reef study 
site currents are typically alongshore, 0.1–0.5  ms−1 flowing towards the northeast with tidal reversals to the 

Figure 6.   Seawater temperature predictions. Predicted seawater temperature (°C) vs Halimeda δ18O using 
mean benthic temperature data from Conch Reef collected during the summer 2004 Benthic Oceanographic 
Array deployment (black dots, see Fig. 3) and using the mean temperature data collected from 1997–2006 
(red dots, see Fig. 2) and binned into 5 m depth intervals from 10 to 35 m (see also55). The black line indicates 
seawater temperature predicted by the best fit equation T (in °C) = 21.0−2.6 (δ18OHalimeda—δ18Oseawater)  − 0.24 
(δ18OHalimeda − δ18Osseawater)2 for the BOA data (r2 = 0.26). The red line indicates seawater temperature predicted by 
the best fit equation T (in °C) = 14.2–3.6 (δ18OHalimeda − δ18Oseawater) for the binned mean temperature data from 
1997–2006 (r2 = 0.92). Seawater temperatures predicted by Holmes34, Brachert et al.21 and Juillet-Leclerc and 
Schmidt66 (see also Fig. 5 above) are shown by the dashed black, green and magenta lines respectively.
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southwest52,57. Flows are stronger (0.5–2.0 ms−1) offshore of the reef tract and driven primarily to the northeast 
by the Florida Current54,55. The surface tides at Conch Reef are mixed semidiurnal with mean amplitude of 
approximately 0.5–0.75 m52,57.

Environmental sampling.  Systematic benthic sampling of the macroalgae Halimeda tuna was conducted 
in conjunction with temperature and current recording instrumentation deployment during a saturation div-
ing project at the NOAA Aquarius habitat. For the high temporal frequency component of the study, the pri-
mary apparatus deployed was an extensive temperature-sensor array capable of synchronized, high precision, 
autonomous sampling for extended periods, known as the Benthic Oceanographic Array (BOA91,92). The system 
consisted of 100 temperature sensors arranged in 10 arrays of 10 elements spaced serially along cables at 15 m 
intervals. The BOA system allows synchronous sampling of all sensors at a 5-s interval with a resolution and 
accuracy of 0.007° and 0.04 °C, respectively. Sensor nodes were anchored to the reef by attaching them to 25 cm 
spikes driven into the bottom or tied onto dead coral substrate. The 10 array cables were connected to a sub-
mersible junction box at the BOA control and power supply located at the base of the reef slope at approximately 
33 m depth, adjacent to an acoustic Doppler current profiler (ADCP) (RDI Workhorse 600 kHz) with pressure 
sensor. The ADCP sampled at 1.33 Hz and stored 1-min averages in 1 m vertical bins. Detailed ADCP data are 
presented in Leichter et al.57. An additional BOA strand was fixed to a vertical mooring near the BOA junction 
box in order to provide water column temperature measurements in approximately 2.5 m intervals between 3 
and 30 m depth.

In addition to the high-frequency sampling described above, benthic temperature was measured continuously 
from 1992 to 2010 at 10, 20, 30 m depth with SBE39 (Seabird Electronics) temperature recorders with 0.001 °C 
resolution. Data were sampled at 2 to 10 min intervals and averaged in 10 min bins for the long-term data set.

The entire BOA sensor array and the reef topography was mapped in situ using compass board, calibrated 
measuring tape, and digital depth gauge (see Fig. 1). This procedure located the node positions within less than 
0.5 m in horizontal space and to within approximately 0.3 m in depth. The node locations were surveyed relative 
to fixed markers on the seafloor of known GPS position.

Isotopic sampling.  Mixed samples of H. tuna, consisting of entire plants and their segments attached to 
the holdfasts (excluding loose or dead segments), were hand collected by divers at each node position of the 
BOA array, rinsed in de-ionized water, and then dried and prepared for isotopic analysis. H. tuna is common at 
this Conch Reef location and samples could usually be collected within 0.5 m of a node. The H. tuna samples 
were divided into two equal parts, half treated with 0.1% HCl to remove calcium carbonate and the remaining 
half treated with 0.1% NaOH to remove the organic component. The treated samples were then powdered with 
mortar and pestle and weighed subsamples were placed in tin capsules for isotopic analysis.

Each algal subsample (1–5 mg) of organic material was analyzed for δ13C at the Isotrace laboratory of Uni-
versity of Otago by combustion in a Carlo Erba NC2500 elemental analyzer to reduce the samples to CO2 and 
N2. The isotopic ratio of CO2 and N2 were measured by a Europa Scientific 20–20 ANCA Mass Spectrometer 
operating in continuous flow mode. Delta values were reported against the international standards Vienna Pee 
Dee Belemnite (VPDB) and atmospheric nitrogen (AIR) for δ13C and δ15N respectively. Normalization was 
applied with a 3-point calibration from 2 glutamic acid international reference materials and a laboratory EDTA 
standard (Elemental Microanalysis) for carbon (USGS-40 =  − 26.2‰, USGS-41 = 37.8 ‰, EDTA = − 38.93 ‰) 
and nitrogen (USGS-40 =  − 4.52‰, USGS-41 = 47.57 ‰, EDTA = -0.73 ‰). Results were expressed in standard 
delta notation where, for example, δ13C = [Rsample/Rstd) − 1]*1000 where Rsample = 13C/12C and Rstd = 13C/12C 
of Peedee belemnite limestone. Analytical precision was quantified by comparing results with quality control 
standards EDTA-OAS and IAEA MA-A-1 (Copepod). All measured values for the quality control standards 
were in the range of accepted values.

Samples of calcium carbonate from H. tuna were independently analysed for δ18O. Aliquots (2–3 mg) of 
ground samples were reacted with 103% H3PO4 under vacuum overnight. The carbon dioxide produced by 
this reaction was purified and analysed on a Thermo Advantage isotope ratio mass spectrometer (IRMS) in 
continuous-flow mode for carbon and oxygen ratios. The same procedure was followed for NBS (National 
Bureau of Standards) 18 and NBS 19 carbonate standards. Results are reported in the standard delta notation 
against the standard mean ocean water (SMOW). Consensus values for laboratory standards were obtained 
from internal laboratory calibration records against primary reference materials, VSMOW, GISP and SLAP 
(Isotrace – University of Otago).

Seawater samples were collected from the reef slope around the BOA array using diver operated 5L Nisken 
bottles and from deeper waters offshore of the study site during CTD casts from a small vessel (see also53,54). 
Nisken samples (n = 3–15) were collected at approximately 3, 10, 30, 55, 80, 100 m depth. δ18O from the samples 
was determined by the method of equilibration93 with CO2. Half of a millilitre of a subsample was equilibrated 
with 12 ml of 0.3% CO2 in helium on a Thermo (Bremen) GasBench preparation unit for 18 h at 25.0 ± 0.1 °C. 
The equilibrated gas was measured in 10 replicates with a Thermo Advantage isotope ratio mass spectrometer 
(IRMS) in continuous-flow mode and values more than 1 standard deviation from the average were excluded. 
The filtered average was corrected to the international VSMOW-SLAP isotope scale using a three-point calibra-
tion provided by three laboratory standards analysed before and after every batch of 84 samples. In addition, a 
control sample was measured at every 12th position to correct for instrumental drift. Consensus values for the 
laboratory standards have been obtained from 6-year internal laboratory calibration records against primary 
reference materials, VSMOW, GISP and SLAP, external 6-member interlaboratory comparison exercise and by 
back-calculation from the ~ 170 member IAEA interlaboratory comparison exercise, WICO2012. The laboratory 
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standards and their consensus values are as follows: ICE (δ18OVSMOW = − 32.097 ± 0.075‰), TAP (δ18OVSMO
W = − 11.432 ± 0.038‰), SEA (δ18OVSMOW = − 0.029 ± 0.036‰).

Benthic oceanographic array data analysis.  The detailed algorithms used to analyse the BOA sensor 
array data and the error estimates for the calculated temperature anomalies, can be found in91 and for a previous 
deployment on Conch Reef, FL, in52. In general, to calculate the temperature anomaly, for every time step in the 
data record the mean profile of temperature as a function of depth is calculated with a 3 m vertical averaging 
length scale. Subtracting this mean profile from the raw data record yields a within depth, horizontal temperature 
anomaly. Because the thermal field at Conch Reef during the summer months is dominated by vertical gradients, 
isolating this temperature component allows a detailed examination of the smaller, time-varying component 
contained in a temperature anomaly and indicative of horizontal gradients across the reef slope. Variation in the 
temperature anomaly arises from a number of factors including the nature of the cool water incursions on the 
reef, driven by internal waves, and their interaction with the reef bathymetry. Any within-depth heterogeneity of 
temperature along isobaths results in nonzero values of the temperature anomaly. To visualize the dataset, values 
of the temperature and temperature anomaly and the isotopic metrics from all the nodes were interpolated as 
contour surfaces on a 3-m grid and mapped onto the measured reef bathymetry.

Map analysis.  It is difficult to analyse statistically 2 or 3-dimensional spatial patterns inherent within and 
between different maps of environmental variables and the topography. However, there is a growing suite of 
analytical techniques that can quantitatively compare 3-dimensional spatial maps as well as describe map spatial 
patterns and heterogeneity65. The task of quantifying similarity between 3-dimensional maps is complex and the 
techniques used are only briefly summarized below and the full details can be found in the appropriate geospatial 
analysis literature94–99.

In order to perform similarity comparisons between the spatial maps of benthic temperature and H. tuna 
isotope signatures, the original data maps (i.e. Figs. 3, 4, 5) were first rasterized onto an equivalent 100 × 100 
cell grid and the data within each cell normalized such that each value was between 0 and 1. All computations 
were performed using MATLAB and the Riks Map Comparison tool Kit99,102. Map similarity comparisons were 
based on the Numerical Fuzzy Kappa (NFK) measure which produces a statistic that represents the difference 
in average similarity between different spatial maps96–99. All computations are contingent on the reasonable a 
priori assumption that the map data are spatially autocorrelated100,101. NFK is an extension of the original Kappa 
algorithm and is based on a misclassification matrix between map cells65 but in addition, uses the weighted inputs 
of neighbouring cells to compute the Kappa statistic based on fuzzy set theory. By doing so, the measure of cell 
similarity is continuous across the map based on the value and distance of neighbouring cells (in this case with 
a Gaussian weighting in a 12 cell neighbourhood). The final NFK statistic is able to quantify the level of map 
difference and can model a human estimate of map ‘similarity’ more closely than the original Kappa65,96–98,101,103. 
The computed NFK statistic varies between 0 and 1 with greater values indicating a higher degree of similarity 
between different maps (1 being identical).

Data availability
Raw data will be made available from the corresponding author following reasonable requests and raw data is 
also available at SEANOE https​://doi.org/10.17882​/61,374.
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