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Abstract

Ocean warming is the greatest threat to coral reefs, prompting a need to accurately monitor
in situ temperatures. Advancements in sensing technologies have led to a proliferation of
temperature loggers being deployed globally. However, appropriate deployment of loggers—
essential for measurement accuracy in an ecosystem where changes of 1°C can cause
widespread mortality—is often overlooked. For example, loggers deployed in direct sunlight
are known to overestimate temperature, but the prevalence of shading loggers is unknown.
Here, we survey recent literature to assess the current state of temperature logger use on
coral reefs. We then performed lab and field trials on 10 models that span a range of prices
and accuracies to evaluate logger performance and assess efficacies of shading tech-
niques. Of the 329 studies we reviewed, >40% of studies deployed loggers shallower than 5
m, yet <5% reported shading loggers, revealing the potential for bias in existing datasets. In
field tests, solar bias varied significantly across loggers; the most popular model suffered
the largest bias of >2.5°C, while other models were less affected by irradiance. Wrapping
loggers in tape reduced temperature bias, but under high irradiance measurement error still
exceeded 0.8°C. Shading loggers under an opaque object completely eliminated solar bias.
We demonstrated a strong linear relationship between in situ irradiance and temperature
error and quantified irradiance thresholds for which error >0.5°C can be expected. We then
modeled the temperature bias expected for the most popular logger model using in situ irra-
diance data, showing that errors >2°C can exist across multiple depths. Our findings reveal
pervasive underreporting of logger deployment methods in coral reef studies, highlighting
the need to consider the possibility of bias when comparing studies or integrating different in
situ temperature records. Future studies should strive to transparently describe deployment
methods and appropriately shade loggers.
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Introduction

Rising ocean temperatures have triggered more frequent and intense heatwaves, with devastat-
ing effects on marine ecosystems worldwide [1]. The need to understand rapidly changing
ocean temperatures has increased demand and urgency for expanded ocean monitoring capac-
ity, particularly in coastal habitats. Coral reefs are among the most vulnerable ecosystems to
ocean warming, because their physical and ecological functioning is underpinned by thermally
sensitive reef-building corals [2]. Most tropical corals live near their thermal limit, such that
increases as small as 1°C beyond their local maximum summer temperatures can cause coral
bleaching and mortality [3]. Currently, due to record-high ocean temperatures, the fourth
global coral bleaching event is underway, severely impacting coral reefs across multiple ocean
basins [4]. Given the severe ecological impacts of slight temperature variation and the ongoing
impacts of global bleaching, it is imperative that in situ temperatures on coral reefs are mea-
sured accurately.

Techniques for measuring ocean temperature have evolved over the last several decades,
from handheld thermometers to remotely sensed satellite observations. Whilst the scale of
remote temperature sensing is invaluable, it fails to capture the dynamic temperatures of
coastal habitats. By contrast, underwater temperature monitoring enables continuous data col-
lection at finer spatial and temporal resolution. Electronic temperature measurements have
been made on coral reefs since the 1970s [5]. However, technological advancements and devel-
opment of Onset Hobo loggers in the early 2000s led to more widespread use of continuous in
situ temperature recorders [6-9]. The recent acceleration of widespread bleaching events [10]
and coral restoration efforts [11], combined with technological advances that make waterproof
temperature sensors more accessible, have coincided with the proliferation of new, easily-
deployed temperature loggers on the market. The result has been a profusion of in situ temper-
ature records for reefs worldwide, but with an added element of measurement uncertainty that
must be considered when comparing data across different products and applications.

Most commercial loggers are marketed as “ready to use”, with no calibration or assembly
required. Thus, loggers are frequently deployed with little attention paid to calibration or
deployment technique. It is well-documented that not shading certain Onset Hobo loggers
from direct sunlight can cause false temperature measurements up to 3°C above the true tem-
perature [9,12]. In sunny, tropical ecosystems where increases of 1°C can have severe biologi-
cal consequences, biased measurements could promote inaccurate estimates of coral bleaching
thresholds with significant consequences for management and restoration decisions.

Although shading of temperature loggers can dramatically improve their accuracy, this pro-
tocol is not consistently applied by the broader community of coral reef scientists, managers,
and restoration practitioners. As monitoring and restoration efforts expand [11], the diversity
of temperature loggers and multiparameter environmental sensors has grown to meet
demand. Despite the known solar bias of some popular logger models [9,12], it is necessary to
quantify the extent to which recommended precautions against measurement error are fol-
lowed by the coral reef community and to determine the potential error associated with new
logger models.

Here we review the current state of temperature measurements on coral reefs to evaluate
the potential for widespread bias in global in situ temperature records and quantify actionable
irradiance thresholds to promote accurate data collection using a variety of loggers. First, to
evaluate the adoption of earlier reccommendations to shade and calibrate loggers, we reviewed
temperature-focused studies over the past decade since the first paper alerting the community
to solar bias was published [12]. Second, we assessed the accuracy and solar bias of 10 loggers
across six manufacturers to evaluate performance and determine irradiance thresholds to
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reduce biases <0.5°C. Finally, we modeled the temperature error expected for a popular logger
(Onset Hobo Pendant) using in situ irradiance data from multiple depths spanning a range of
conditions. Our findings reveal extensive shortcomings in how temperature data are collected
and reported, emphasizing that biases of 1-3°C may be embedded in some published tempera-
ture records. Given the immense resources being allocated to coral reef research [13], these
issues must be urgently addressed to improve future integration of in situ temperature records
and ensure research and management decisions are based on accurate data.

Materials and methods
Evaluating logger usage in the literature

We conducted a literature review of papers published between 2013 and 2022 using Web of
Science to determine the diversity of loggers used and if the coral reef research community has
adopted past recommendations to shade temperature loggers [9,12]. Most studies do not dis-
cuss temperature loggers in the paper title or abstract, which necessitated a very broad search
and subsequent narrowing of the results. This effort was not intended to be an exhaustive liter-
ature search, but rather a broad survey to see how frequently researchers are reporting the
details of their temperature logger deployments since the first study alerting the community to
potential bias due to irradiance was published [12]. We used the following search terms ((ALL
= ((coral® OR reef))) AND ALL = ("Seawater Temperature" OR Temperature®)). Given the
necessary breadth of this search, we refined the total records (n = 7834) to the top four top cat-
egories: marine and freshwater biology, ecology, environmental sciences, and oceanography,
which contained 52% of all records (n = 4046). From these, we individually screened each
study to remove those 1) conducted in mesocosms, aquarium tanks, or other ex situ settings,
2) relying solely on remote sensing measurements, 3) measuring temperature manually with-
out deploying a logging sensor (e.g., periodically measuring temperature with a handheld mul-
tiparameter probe), or 4) using temperature data from monitoring networks that do not
clearly state the type of sensor employed. Following this screening, we identified 329 tempera-
ture-focused studies that used 397 unique loggers to measure temperature on reefs across 51
countries (S1 Table). We collated information from these studies on which loggers were used
and if details on shading or calibrating loggers were reported.

Standardizing performance across common logger models

To evaluate the performance of commercially available temperature loggers, we deployed 10
models from six manufacturers (n = 3 replicates per logger; model details in Table B of

S1 Text) in a controlled, high precision calibration bath (model 7012, Fluke Corporation,
American Fork, UT, USA). The bath ramped from 17-41°C (8-hr period, 2°C intervals) to
capture the range of temperatures coral reefs experience globally. Each temperature step was
ramped over 10 min and held for 30 min to compare the accuracy of measurements as a func-
tion of logger response time. Accuracy was assessed at multiple time points within each hold
to account for differences in logger deployment parameters (i.e., sampling frequency) from the
literature: once at the start of the hold (within 1 min of stabilizing at the next temperature),
and at 5, 15, and 30 min into the hold. To assess overall accuracy of different loggers, we calcu-
lated the root mean square error (RMSE) across all temperature steps using the 5-min time
point (n = 3 measurements per temperature), with lower RSME values indicating greater
accuracy.
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Quantifying irradiance thresholds to minimize solar bias

Loggers were deployed on a fringing reef adjacent to King Abdullah University of Science and
Technology (KAUST) in the central Red Sea (22.340°N 39.087°E). Permits to access to the
field site were granted by KAUST marine security services. All models used in the lab calibra-
tion were field tested except for Electric Blue EnvLogger T7.3. Logger units were all newly-pur-
chased and had not yet been deployed. Replicates for each logger (n = 3 shaded and 3
unshaded, 5-min sampling intervals) were deployed at 2-3 m depth, 3-7 February 2023. This
period corresponds to the boreal winter in the Red Sea when conditions more accurately
reflect non-stressful temperatures experienced by many coral reefs worldwide (e.g., 24-26°C).
Although deployed in a shallow habitat, the site is relatively turbid and not indicative of
extreme irradiance. Loggers were mounted on two adjacent racks (Fig A in S1 Text). One rack
was shaded with a black acrylic panel fastened ~ 15 cm above the loggers blocking sunlight
without restricting water flow. Irradiance was measured during the deployment with PAR
(photosynthetically active radiation) loggers (Odyssey Xtreem PAR, Dataflow systems, Christ-
church, New Zealand). PAR is visible light between the wavelengths 400-700 nm and is fre-
quently used to monitor irradiance in marine habitats. The average irradiance values from
Odyssey Xtreem PAR loggers (n = 3) in the unshaded treatment were used to evaluate irradi-
ance-specific heating bias across all loggers. The Odyssey Xtreem PAR loggers were calibrated
against a LI-COR LI-1500 cosine light meter before deployment.

We quantified logger performance as the difference from the mean value of the shaded
SBE-56 Temperature loggers (Sea-Bird Scientific, Bellevue, WA, USA) (n = 3), which are con-
sidered the industry standard for high-precision temperature measurements. In pilot studies,
we determined SBE-56 loggers exhibit no detectable solar heating bias (Figs B, C in S1 Text).
We then calculated logger-specific irradiance thresholds for a bias of 0.5°C using linear
regression.

While many practitioners may wrap loggers in electrical tape but not report it, this may not
completely remove bias from temperature measurements. To ascertain the extent of bias that
may still be present even in taped loggers, we conducted a second deployment during the
high-temperature and bright conditions of the boreal summer (June 2023) in a shallow (1 m)
site (maximum temperature > 35°C; maximum PAR > 2000 pmol m ™ s™) using the popular
(and solar sensitive) Onset Hobo Pendant loggers (UA-002-64). We calculated deviations of
temperature measurements from shaded, taped, and unshaded loggers relative to a co-
deployed Sea-Bird SBE-56. White electrical tape [12] and aluminum foil tape [9] have been
proposed as alternatives to full coverage with a PVC pipe. We therefore evaluated the increase
in measurement accuracy afforded by shading loggers using a white PVC pipe (schedule 40
PVC, @ = 4.5 cm), white and black electrical tape (to determine if tape color matters), or alumi-
num foil tape (n = 2 per shading treatment).

Evaluating the dependence of temperature error on irradiance and
modeling potential bias

We empirically assessed the consistency of the linear relationship between irradiance and tem-
perature measurement error across a range of irradiance levels typical of coral reefs. We per-
formed two trials to validate the linearity of temperature bias under extreme irradiance on
Onset Hobo Pendant loggers (n = 3 for both trials). In an outdoor tank experiment, we placed
loggers in shallow water (<10 cm depth). The tank was subject to natural sunlight and the
experiment was conducted from dawn until mid-afternoon, after peak irradiance was reached.
We repeated this experiment in the lab using aquarium lights (Hydra 64HD, Aqualllumina-
tion, Bethlehem, USA) simulating the natural spectrum of sunlight. We ramped irradiance

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000517 December 27, 2024 4/15


https://doi.org/10.1371/journal.pclm.0000517

PLOS CLIMATE

Temperature logger use on coral reefs

over a period of 5 hours simulating the increase of irradiance from sunrise to midday at a rate
that increased by 12 umol photons m™ s every minute (total range 0-3823 ymol photos m™
s)). Both experiments used a PAR logger (MiniPAR, PME, Vista, CA, USA) to track irradiance
and an SBE-56 temperature logger to record true water temperatures.

Using the observed relationships between irradiance and temperature error for unshaded
Hobo Pendant loggers, we modeled the bias expected from different habitats using in situ irra-
diance data. To showcase the range of potential bias of loggers from a more globally-represen-
tative selection of habitats, we provide four datasets spanning shallow, high-irradiance
environments to deeper, more turbid sites. Specifically, we leveraged data from co-located irra-
diance and temperature loggers (collected via MiniPAR and SBE-56 loggers, respectively)
from two reefs in different ocean basins: for 1 m and 5 m depths, we use data from Palmyra
Atoll, an equatorial reef in the central Pacific that experiences high irradiance and low light
attenuation; and for 15 m and 30 m depths, we model data from a central Red Sea reef that
experiences lower overall irradiance and moderate turbidity. We modeled data from four log-
ger deployment scenarios: 1) an unshaded, uncalibrated logger, 2) an unshaded logger that has
been calibrated prior to deployment, 3) an uncalibrated logger that has been wrapped in tape,
and 4) a calibrated logger wrapped in tape.

Results
Literature review

Across 329 coral reef studies published between 2013-2022, researchers deployed 28 brands of
temperature loggers, highlighting the variety of available products. Onset Computer Corpora-
tion accounted for more than 60% of loggers used, with the most common models being the
Hobo Pendant (UA series) and Hobo Pro (U22-001) (33% and 31% of Onset loggers, respec-
tively) (Fig 1A). The second most popular manufacturer used was Sea-Bird Scientific, compris-
ing nearly 20% of the reviewed studies. Of the studies that report logger deployment depths,
the majority (64%) were in <10 m of water (median deployment depth = 8 m) (Fig 1B). A
large proportion of studies deploy loggers at even shallower depths, with 41% at <5 m and
17% at <2 m. More than one in ten loggers were deployed at depths of <1 m (11.5% of logger
deployments). Yet, despite the widespread use of temperature loggers in shallow, high-irradi-
ance habitats, only 5 and 14% of all studies reported shading or calibrating loggers, respectively
(Fig 1B, Table A in S1 Text).

Comparative performance of popular loggers

Significant variability in measurement accuracy was evident across the 10 loggers evaluated in
the calibration bath (Fig 1C). Overall, measurement error (RMSE) was greatest at the initial
timepoint for each new temperature hold, ranging from 0.042°C for the Sea-Bird SBE-56s to
1.248°C for the Odyssey Xtreem PAR loggers (Table B in S1 Text). Measurement accuracy gen-
erally stabilized by 15 min into the temperature hold (Fig 1C).

Certain logger models measured temperature with a consistent bias. The Onset Hobo Pen-
dant Series (UA-001-64, UA-002-64, and MX2202) and Electric Blue EnvLogger T7.3 slightly
overestimated the true temperature (~0.2°C), while the Odyssey Xtreem PAR loggers regu-
larly underestimated true temperature by ~0.5°C. Notably, this was the only logger model to
consistently underestimate temperatures across the range tested, resulting in the highest error
(RMSE = 0.641°C). The PME MiniDOT logger exhibited low error for temperatures under
35°C (RMSE = 0.034°C). However, consistent with manufacturer specifications, the logger
could not resolve temperatures above this threshold (Fig D in S1 Text).
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deployment depths. (a) Breakdown of logger brands most commonly used across 329 studies from 2013-2022. The most popular brand, Onset, is
further broken down into the proportion of studies using various models. (b) Studies report deploying loggers across a range of depths in coral
reefs. Shaded grey boxes denote the cumulative proportion of studies that deployed loggers in sites shallower than or equal to the respective depth
between 0 and 10 m (absolute percentage of studies per depth bin: 17% in 0-2m, 24% in 2-5m, 23% in 5-10m). Despite the majority of logger
deployments occurring in less than 10m of water, where the potential for solar heating bias is high, less than 5% of studies report shading loggers
(dark blue bars). (c) Logger accuracy at different sampling frequencies show as the mean (point) and total range (bar) of deviation from the
calibration bath temperature with increasing time at each temperature (17-41°C). For all loggers, n = 3 except Electric Blue (n = 6), and data for
the PME MiniDOTs and Electric Blue EnvLogger T7.3 3are only shown to 35°C. Model numbers of loggers are provided in Table B of S1 Text.

https://doi.org/10.1371/journal.pcim.0000517.g001

Determination of irradiance thresholds to reduce heating bias

Field deployments revealed the potential error embedded within temperature time series using
improperly deployed loggers. The range of temperatures recorded by the Sea-Bird SBE-56s
was 24.66-26.64°C during the shallow deployment; however, other loggers recorded tempera-
tures as low as 23.94°C and as high as 28.06°C (maximum offset of +1.86°C in Onset Hobo
Pendant UA-001-64) (Fig 2A). Most loggers exhibited a positive temperature bias during day-
light hours, which correlated to irradiance (Fig 2B, Table C in S1 Text). Conversely, Odyssey
Xtreem PAR loggers regularly underestimated temperatures by ~ 0.5°C, consistent with the
results of the lab calibration bath.

The degree to which solar irradiance affected temperature bias differed between loggers
(Fig 3, Table C in S1 Text). To isolate the effect of irradiance alone (i.e., remove the effect of
calibration offsets), we presented irradiance thresholds for loggers calibrated in the laboratory
calibration bath. However, given the low reporting rates of calibration in our literature survey,
we also show the range of bias for uncalibrated, “out of the box” loggers (grey shaded regions
in Fig 3). Some uncalibrated loggers tended to slightly overestimate temperature even under
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Fig 2. Temperature bias is directly related to solar irradiance. (a) The maximum potential range of measurement
error in unshaded, uncalibrated loggers across four days during February 2023 (2-3 m depth). The black line indicates
the mean temperature of three shaded Sea-Bird Scientific SBE-56 loggers and the upper bound of the shaded region
corresponds to the unshaded Onset Pendant logger (UA-001-64) temperature, which had the largest positive
temperature bias of loggers tested. (b) The effect of solar irradiance on temperature bias relative to shaded Sea-Bird
SBE-56 for unshaded, uncalibrated loggers. All measurements during daylight hours (06:00-19:00) are paired with in
situ irradiance data from the Odyssey Xtreem PAR loggers for the field deployment period. Model numbers of loggers
are provided in Table B of S1 Text.

https://doi.org/10.1371/journal.pcim.0000517.9002

no irradiance (Fig 2B), effectively reducing the irradiance threshold to reach 0.5°C bias (e.g.,
Hobo Pendant threshold is reduced from 399 to 208 umol photos m™ s when deployed
uncalibrated). Conversely, the Odyssey Xtreem PAR logger exhibited a negative calibration
offset, resulting in underestimating true temperature when uncalibrated. Thus, calibrating log-
gers in the lab before deployment generally improved logger accuracy and increased the irradi-
ance required to exceed the 0.5°C error threshold by 8-92% depending on model. The
strongest solar bias occurred in many of the Onset models, with the Hobo Pendant series (UA-
001-64, UA-002-64, MX2202) and Hobo Pro (U22-001) loggers suffering a 0.5°C bias at
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19:00). Model numbers of loggers are provided in Table B of S1 Text.

https://doi.org/10.1371/journal.pcim.0000517.9003

irradiance values between 399-543 umol m™ s when calibrated (Fig 3). However, calibrating
loggers prior to deployment did not completely remove solar bias for unshaded loggers. Onset
Hobo Tidbit (MX2203), PME MiniDOT and Star-Oddi DST CT loggers exhibited measure-
ment error with increasing irradiance (Table C in S1 Text), but never reached a 0.5°C bias
within the irradiance range experienced during the field trial.

Efficacy of different shading methods

In warm, high-irradiance conditions, logger biases can be greatly exacerbated.

Unshaded and uncalibrated Onset Hobo Pendant UA-002-64 loggers in the summer trial
exhibited temperature biases nearly 2.5°C higher than the co-deployed Sea-Bird SBE-56 at 1 m
depth (Fig 4A and 4B). By contrast, loggers deployed in PVC tubes showed no solar bias and
recorded temperatures consistent with the SBE-56, although they retained a slight positive bias
(~0.2°C) as observed in the calibration bath test (Fig 1C) and February field deployment
(Fig 2, Table C in S1 Text). Thus, calibrating loggers reduces error (Fig 4C and 4D). Loggers
wrapped in tape were less affected by irradiance than unshaded loggers, but still showed a
detectable positive bias compared to the PVC treatment (Fig 4B and 4D). Notably, there was
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Fig 4. The effect of irradiance on Onset Hobo Pendant (UA-002-64) loggers varies under different shading
methods. Panels (a) and (b) depict data from uncalibrated loggers while panels (c) and (d) show the same data when
loggers have been calibrated. (a) The proportion of temperature measurements recorded by uncalibrated loggers under
each shading method. The Sea-Bird SBE-56 temperature is considered the “true” water temperature and exhibits peaks
around 32°C (night) and 35°C (day), while the unshaded logger reported false daytime high temperatures. Nighttime
error exists due to lack of lab calibration. (b) Shading by PVC removes the effect solar heating, but due to calibration
offsets, uncalibrated loggers show a consistent offset from Sea-Bird SBE-56 (horizontal dashed line). Shading with
reflective, white and black tape wrapped around the logger housing improves accuracy but can still result in
measurement bias of >0.5°C (vertical dashed line) under high irradiance when loggers are uncalibrated. (c)
Calibrating loggers improves their accuracy, but they are still affected by irradiance. (d) The 0.5°C threshold for
calibrated, taped loggers exceeds the range of irradiance experienced during the field trial and is not depicted.

https://doi.org/10.1371/journal.pcim.0000517.g004

no appreciable difference between types of tape used to shade loggers (white, black, or reflec-
tive foil tape), suggesting that presence of a physical barrier between the logger and sunlight is
more important than the color of the shading material. By calibrating loggers before deploy-
ment, the 0.5°C threshold for taped loggers is increased from 1300 to 2500 pmol photos m™ s~
!, which is out of the range of the summer field trial (Fig 4D).

Modeling expected temperature error under different irradiance scenarios

We assessed the linearity of the relationship between temperature error and irradiance under
the full range of plausible in situ irradiance for the most popular logger model, the Onset
Hobo Pendant series. In the outdoor tank and lab trials, maximum irradiance levels were 2423
and 3823 pumol photos m™s™", respectively. Unshaded and uncalibrated Hobo pendants exhib-
ited severe solar bias in both trials, reaching 3.42 and 5.61°C in the outdoor tank and lab trials,
respectively (Fig E in S1 Text). In both trials, the linear relationships observed were consistent
across the broad range of irradiance intensities (r* of 0.967 and 0.999 for outdoor tank and lab
trials, respectively). The measurement error did not show evidence of reaching an asymptote,
even under extreme irradiances. Using in situ irradiance data paired with SBE-56 temperature
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data from four depths at two reefs from different ocean basins, we modeled the expected tem-
perature error due to irradiance in different scenarios. Observed maximum irradiance from
these datasets ranged from 241 to 2873 pumol photos m™s™ across 1-30 m depths (Fig F in

S1 Text). Uncalibrated and unshaded Hobo Pendants can overestimate temperatures substan-
tially in shallow deployments-up to 3.83°C at 1 m and up to 2.19°C at 5 m (Fig 5). Even deeper
deployments for uncalibrated and unshaded Hobo pendant loggers can result in maximum

Uncalibrated Calibrated Uncalibrated Calibrated
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Fig 5. Estimated reductions in temperature error associated with lab-calibration or taping of Hobo Pendant loggers
(UA-002-64) using in situ irradiance and temperature data from depths of 1m (a), 5m (b), on Palmyra Atoll, an
equatorial central Pacific reef that experiences high irradiance and low light attenuation and from 15 m (c) and 30m
(d) from a midshore reef in the central Red Sea with moderate turbidity and higher light attenuation. True
temperature is represented by the black line (measured with Sea-Bird SBE-56) and shaded areas represent modeled
error associated with different deployment methods. We modeled temperature error using the empirically-measured
linear relationship derived between irradiance and temperature bias from the field shading trials (Fig 3, Table C of S1
Text). Completely unshaded and uncalibrated loggers (dark purple) suffer substantial error when irradiance is high,
particularly in shallow deployments. Taping uncalibrated loggers to reduce biofouling (light green) can reduce error
due to irradiance, but in shallow deployments the error can still exceed 0.8°C. Since uncalibrated Hobo Pendant
loggers tend to overestimate temperatures, calibrating loggers (blue-green) before deployment can reduce error, but
loggers will still be affected by irradiance. Calibrating loggers and taping them (orange) further reduces error due to
irradiance. Scales are adjusted to highlight differences between shading methods within depths rather than compare
across depths. Text boxes in each panel state the maximum modeled temperature bias for each treatment based on the
maximum observed irradiance for each site during the deployment period (Fig F in S1 Text).

https://doi.org/10.1371/journal.pcim.0000517.g005
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bias 0of 0.99°C and 0.54°C at 15 m and 30 m, respectively. Calibrating loggers prior to deploy-
ment can reduce this error by ~0.2°C, as the loggers we tested tended to overestimate temper-
ature even under no irradiance. However, a more impactful increase in accuracy can be
achieved by taping loggers, especially in shallow, high irradiance habitats. Taping a logger
reduces error between roughly 50-80% depending on irradiance and depth of deployment.
Nevertheless, in the high-irradiance habitats of 1 m and 5 m depths, these precautions still
result in maximum bias of 0.81 and 0.55°C, respectively.

Discussion

As warming and marine heatwaves continue to transform ocean ecosystems, reliable and stan-
dardized monitoring of coastal ocean temperatures is essential. This study provides a timely
update and expands on previous work that has demonstrated solar bias in commonly used in
situ loggers [9,12]. We show that the recommendations from those seminal works are not
being reported for most logger deployments, and concerningly, recent studies are primarily
deploying loggers in shallow habitats where the risk of solar bias is high. Using standardized
tests of logger performance, our findings reveal that solar bias exists, to some degree, in eight
of the nine logger models we field tested. The risk of solar bias is therefore possible in many
logger models, but the magnitude of bias varies between them, which has important implica-
tions for contextualizing published in situ temperature records. We hope our results serve as a
call-to-action for the coral reef community to take deployment methods into consideration
and to explicitly state these details when publishing in situ temperature datasets. Moreover,
our findings of solar bias at low irradiances for some models suggest that even studies con-
ducted in turbid or deep habitats may also be at risk of overestimating temperatures. This has
broad implications for coral restoration, research, and conservation, given that most metrics
of coral heat stress are based on the maximum temperatures they experience. As marine heat-
waves continue to cause unprecedented maximum temperatures, it is imperative the coral reef
community accurately measures the magnitude of these events by responsibly deploying log-
gers to avoid potential bias.

Beyond considering solar bias, logger performance should be appropriately matched to
study objectives in order to accurately capture the temperature dynamics of interest. Logger
performance in the calibration bath trial broadly reflected manufactures’ specifications. Our
literature survey revealed that only 14% of studies report calibrating loggers before deployment
(Table A in S1 Text). Notably, across the range of logger affordability, most models exceeded
their manufacturer-stated accuracies, implying most loggers can reliably measure tempera-
tures on coral reefs if deployed properly. Most loggers had a higher error early in the tempera-
ture hold (<5 min), but stabilized with increased measurement accuracy within 10-15 min.
Logger response time and accuracy is important to consider for researchers interested in high-
frequency temperature variability in coral reef systems, such as upwelling [14] and shallow
coastal lagoons [15]. In general, we recommend practitioners calibrate their loggers prior to
deployment, particularly models that show a consistent offset from true temperatures, and to
clearly report such details (see [16] for example of detailed reporting).

The magnitude of solar bias varied widely across all logger models. While some experienced
no detectable temperature bias (e.g., Sea-Bird SBE-56) or only minor bias (e.g., Star-Oddi DST
CT, Odyssey Xtreem PAR, and PME MiniDOT), several loggers were affected by even moder-
ate irradiance levels. Special attention to shading must be given to all loggers deployed in shal-
low, clear-water habitats where irradiance often exceeds 1000 ymol m™s™ (e.g., [17,18].
However, due to low light attenuation in many coral reefs, even deeper or more turbid sites
can experience irradiance levels that may result in overestimations of temperature. For
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example, Palmyra Atoll can experience a mean irradiance of 372 umol m™s™ at 20 m depth
[14], which exceeds the 0.5°C bias threshold for uncalibrated Onset Hobo Pendant, Pendant
LT, and Pendant MX LT models. Our in situ irradiance data from Palmyra Atoll showed far
higher irradiance for depths of 1 m or 5 m, peaking at 2873 and 1561 pumol m™s™", respectively.
Unshaded loggers in those sites would drastically overestimate temperature, and even taped
loggers would suffer solar bias of 0.55-0.81°C (Fig 5). Considering that >40% of recent studies
report deploying loggers in these depths (Fig 1B), it is critical that loggers used in future
deployments are properly shaded. While taping loggers greatly reduced the possible bias due
to irradiance, it still resulted in an error exceeding 50% of the typical 1°C threshold used in
metrics of thermal stress. This level of error has major implications for the interpretation of
thermal stress to coral reef organisms. Besides maximum observed temperatures, heating rate
(e.g., °C hr'") is an important metric that influences the coral stress response [19,20]. Given the
strong linear relationship between temperature bias and irradiance of unshaded loggers, high-
irradiance habitats would be incorrectly assumed to experience exceedingly high heating rates.

There is an inherent appeal to deploying loggers that can measure more than a single
parameter, but such instruments must be deployed with greater attention to detail. We deter-
mined that Odyssey Xtreem PAR loggers exhibited very low bias due to irradiance but they
consistently underestimated the true water temperature by 0.5-1.5°C and therefore must be
calibrated before deployment. In addition, some sensors are unsuited for deployment in
“extreme” conditions, such as the PME MiniDOTs which cannot accurately record tempera-
ture higher than 35°C per the manufacturer’s recommendation (Fig D in S1 Text). Researchers
working in extreme habitats, including reef flats or tidal pools that regularly experience high
temperatures [21-23], must carefully choose the appropriate instrumentation.

While we tested a range of brands and models, we were not able to acquire all possible
options of temperature loggers and evaluate them here. Furthermore, new companies and
models will inevitably continue to enter the market in the future. We encourage practitioners
to assess new models for their specific needs by performing similar evaluations that we have
done in this study, if possible. Comparing logger readings across a range of temperatures in a
high-precision calibration bath or against a high-precision logger (e.g., SBE-56) can improve
the accuracy of loggers and ensure reliable data are collected, assuming proper deployment
practices are followed (e.g., shading).

Coral reefs are experiencing unprecedented heat, with 2023 temperatures on western Atlan-
tic reefs reaching an alarming 38°C [24]. As ocean warming continues to stretch the thermal
limits of coastal habitats, it is imperative that temperature measurements are accurate in order
to ensure robust scientific conclusions and make informed management decisions. Loggers
recording erroneously high temperatures may lead researchers to incorrectly assume that
unbleached corals have exceptionally high thermal tolerances, which has direct implications
for selection of individuals to use in management approaches such as assisted evolution [25].
Likewise, loggers reporting erroneously low temperatures may cause reef restoration practi-
tioners to underestimate temperature stress at a chosen site, dooming future coral outplants.
Either scenario could jeopardize research and conservation during this critical period of coral
reef degradation. Our assessment reveals widespread underreporting of important details in
logger deployment as well as high variability in solar bias and temperature accuracy across log-
ger models. Based on recent literature and our evaluation of loggers, it is possible that many
current temperature records are biased by at least 0.5°C, and possibly up to 2-3°C. We
acknowledge it is possible that many researchers did tape or shade loggers but did not explic-
itly report it in their methods, and therefore solar bias in existing datasets may not be as wide-
spread as our literature survey suggests. Furthermore, “natural” shading by biofouling
organisms may mitigate the most extreme temperature errors, but the biofouling progression
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within deployment periods, stability of the biofouling community, and shading effect of differ-
ent types of organisms would undoubtedly vary between scenarios and be difficult to quantify.
In the absence of reported deployment methods, the true extent and magnitude of error can-
not be evaluated. Future efforts to integrate and synthesize such data should take this uncer-
tainty into account for datasets where logger deployment details are not provided. While
wrapping loggers in tape can somewhat reduce solar bias, we recommend that shading loggers
under an opaque object (e.g., in a PVC tube), as well as calibrating loggers prior to deployment,
should become standard practice. We call on coral reef researchers to clearly detail their
deployment methods to ensure comparable measurements between independent datasets.
Implementation of these simple actions will facilitate the continued expansion of temperature
monitoring by a range of stakeholders and improve our capacity to assess the ongoing impacts
of ocean warming on the world’s coral reef ecosystems.
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