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HIGHLIGHTS GRAPHICAL ABSTRACT

e The global assessment of benthic meso-
photic zone extent from satellite data

shows its distribution varies regionally Achanging|marine lightscape: two decades of satellite dataltomap
the global benthic mesophotic zone and explore trends of change

and across climate zones.

e Seasonal analysis reveals that major
changes in the extent of the benthic
mesophotic zone occurred from 2003 to
2021.

o Significant trends in seabed PAR values
suggest changes in mesophotic light
conditions over the last 20 years.

o The spatial reorganization and changing
light conditions in the mesophotic zone
may have global impacts on benthic
habitats.

ARTICLE INFO ABSTRACT

Editor: Martin Drews Underwater light plays a key role in the distribution and survival of many marine species; however, the spatial
and temporal variations of the light regime at mesophotic depths (from 30 m depth down to where net photo-

Keywords: synthetic rates are no longer positive) are mostly unexplored. Benthic mesophotic habitats are especially at risk
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since rely upon the presence of specific, limited light conditions. Here we present the first assessment of the
extent of the global benthic mesophotic zone based on two decades of satellite data, showing how its current
distribution varies depending on the region and climate zones. We also explored temporal trends in the seasonal
extension of the benthic mesophotic zone and in the value of Photosynthetically Active Radiation (PAR) at
seabed during the period 2003-2021. Our results revealed a global-scale spatial reorganization of the benthic
mesophotic zone and variation in the associated light intensity over the past two decades that may have major
implications for mesophotic benthic habitats in the future.

* Corresponding author at: Institute of Marine Sciences, National Research Council (CNR-ISMAR), Bologna, Italy.
E-mail address: giorgio.castellan@cnr.it (G. Castellan).

https://doi.org/10.1016/j.scitotenv.2024.178163

Received 3 December 2023; Received in revised form 14 November 2024; Accepted 15 December 2024

0048-9697/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


mailto:giorgio.castellan@cnr.it
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2024.178163
https://doi.org/10.1016/j.scitotenv.2024.178163
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2024.178163&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

G. Castellan et al.

1. Introduction

Sunlight penetrating the oceans shapes the distribution of marine life
by influencing the quantity and diversity of planktonic autotrophic
components, such as cyanobacteria, diatoms, dinoflagellates and coc-
colithophores. It also strongly reverberates on benthic communities,
governing the distribution of obligate phototrophic organisms (e.g.,
algae and phanerogams) and those organisms with photosynthetic
symbioses, including some sponges, cnidarians, molluscs, foraminifera,
and other eukaryotes (Kahng et al., 2010; Lesser et al., 2018).

In the ocean, the photic zone represents the uppermost part of the
water column (Kirk, 1994; Mobley, 1994) and is defined by the quantity
of light in the wavelength between 400 and 700 nm (Photosynthetically
Active Radiation, PAR) able to sustain active positive photosynthetic
rates. The lower portion of the photic zone down to where net photo-
synthetic rates are no longer positive is known as the mesophotic zone
(Lesser et al., 2009; Kahng et al., 2019).

The gradient of solar radiation imposes a gradual transition from
photophilous (thriving in full light) to sciaphilous (tolerant to shade)
communities within the mesophotic zone and, coupled with other fac-
tors related to depth, including temperature, currents, sedimentation
and turbidity, it favors the presence of a highly-diverse ensemble of
benthic habitats (Kahng et al., 2019; Riegl and Piller, 2003; West and
Salm, 2003).

Zooxanthellate cnidarians are main actors in tropical mesophotic
communities, with species composition shifting with depth to distin-
guish an upper mesophotic zone (30-60 m) from a lower (60-150 m)
mesophotic zone (Pyle and Copus, 2019 among many others) At higher
latitudes, macroalgae (Spalding et al., 2019; Tempera et al., 2021),
azooxanthellate scleractinians (Corriero et al., 2019; Pires, 2007),
antiphatarians (Bo et al., 2019), octocorals (Mejia-Quintero and Chas-
qui, 2020; Slattery and Lesser, 2021), sponges (Goren et al., 2021; Idan
et al., 2018; Pomponi et al., 2019) and molluscs (Angeletti and Taviani,
2020; Barroso et al., 2021) become quantitatively more relevant.

If ocean warming, acidification, and stratification are widely
acknowledged as the main current and future stressors for marine eco-
systems (Henson et al., 2017; IPCC, 2023), variations in underwater
light regime may strongly influence the distribution and survival of
organisms within the euphotic zone, especially mesophotic communities
that thrive at reduced and temporally dynamic light intensities.

In April 2023, the pan-European intergovernmental platform JPI
Ocean launched a Joint Action to identify critical gaps in our under-
standing of how marine lightscapes are changing, which are the factors
driving the change, the potential impacts on biodiversity and marine
ecosystem structure, functioning and services, and to propose manage-
ment actions (jpi-oceans.eu/en/changing-marine-lightscapes).

However, predicting future modifications in light penetration is
arduous since it depends on different factors, such as the abundance of
pelagic organisms (phytoplankton and zooplankton), water turbidity,
and sunlight reaching the Earth’s surface (Kahng et al., 2019). Available
predictions are, indeed, somehow controversial. The predicted decrease
in net primary productivity by 2081-2100 (relative to 2006-2015)
related to the shallowing of mixed-layer and the decline in nutrient
supply might reduce water turbidity (Kwiatkowski et al., 2019; Moore
etal., 2018), driving an increase in the amount of irradiance penetrating
the water column and thus available for autotrophic organisms (IPCC,
2023). Although it may appear beneficial, the excess light has been
observed to exert potential stress on the photo-physiological capacity of
sciaphilous organisms to avoid photodamage (Hanelt and Figueroa,
2012) and exacerbates the detrimental impacts of ocean acidification for
many species (Ben-Zvi et al., 2019; Gafar et al., 2019; Gao and Zheng,
2010). Conversely, more abundant precipitations, extreme climatic
events and phytoplankton abundance at mid-high latitudes (IPCC, 202.3)
may periodically strengthen light attenuation and, ultimately, influence
the marine three-dimensional space under mesophotic light conditions.

The EU recently launched a new Biodiversity Strategy intended to
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create Protected Areas for 30 % of its land and sea territory by 2030 and
ensure no deterioration in conservation trends and the status of pro-
tected species and habitats (EC, 2020). To embrace such an ideal, it is,
therefore, essential to map the distribution of physical-chemical condi-
tions that may lay the ground for or limit the presence of habitats.

Efforts to map and quantify the spatial extent of the benthic meso-
photic zone on a regional scale do exist in the literature, based on fixed
depth range (Locker et al., 2010), predictive models (Silva and Mac-
Donald, 2017; Sterne et al., 2020) and satellite data (Castellan et al.,
2022; Magno-Canto et al., 2019). Gattuso et al., 2020 provided a global-
scale estimation of the PAR reaching the seabed, using the 200 m depth
as a lower border. Using a fixed depth to constrain conditions that may
largely vary with location, such as light, may, however, prevent the
appreciation of geographical variations (Castellan et al., 2022).

The complexity and diversity of drivers that widen, sustain and
curtail underwater light field in relation to climate change pose the
urgent need of providing information on the current distribution and
extent of the global mesophotic zone and on its potential trends of
change.

Here, we present a first assessment of the spatial distribution of the
benthic mesophotic zone on a global scale based on light penetration in
the water column derived from satellite data for the period 2003-2021.
By running the model every year, we also explored how the global
benthic mesophotic zone has changed in the last two decades in terms of
both portion of seafloor under mesophotic light conditions and absolute
value of benthic PAR. Our contribution not only aims at providing a
worldwide view of the current distribution and extent of the benthic
mesophotic zone to be used as a reference baseline for future estima-
tions, but it also identifies potential trends of change to support man-
agement actions.

2. Methods
2.1. Bathymetric and remote sensing data on PAR and Kgpar

Depth values were obtained from the 2022 General Bathymetric
Chart of the Oceans (GEBCO; https://www.gebco.net, last access: Dec.
2022) based on gridded bathymetry data with a horizontal resolution of
15 arc sec (ca. 450 m). Monthly level-3 data of PAR at sea surface (mol
photons m~2 d') and diffuse attenuation coefficient at 490 nm Kgsg0
(m™!) from the Moderate Resolution Imaging Spectroradiometer
(MODIS) were obtained from NASA OceanColor (https://oceancolor.
gsfc.nasa.gov/) at a horizontal resolution of 4 km. The 240 monthly
Level-3 images covered the period from July 2002 to July 2022. The
data were upscaled to the resolution of the bathymetry, an approach
proven effective for many global and regional-scale variables (Davies
and Guinotte, 2011; Georgian et al., 2020). Daily Level-2 (L2) NASA
Ocean Color data products on Inherent Optical Properties (IOPs) were
obtained for every in-situ measurement at the date of collection by using
the package ‘earthaccess’ in Python to validate the approach.

2.2. Estimation of Kgpar and benthic irradiance

Since the time period covered by the available global satellite data on
Kq490 started in July 2002 and ended in July 2022, hence allowing only a
partial representation of the 2002 and 2022 seasons, we decided to limit
our analysis to the period 2003-2021. The seasonal values of Kgq499 were
calculated for each year (4 layers) over the entire period (19 years), for a
total of 76 layers. We considered months of December, January and
February as “winter” for the Northern Hemisphere and “summer” for the
Southern Hemisphere; March, April and May as “spring” for Northern
Hemisphere and “autumn” for the Southern Hemisphere; June, July and
August as “summer” for Northern Hemisphere and “winter” for the
Southern Hemisphere; September, October and November as “autumn”
Northern of the equator and “spring” for the Southern Hemisphere.

The diffuse attenuation coefficient for PAR (Kgpar) was derived as a
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function of the Kgs49p using the approach described by Morel et al.
(2007). The diffuse attenuation coefficients Kq499 and Kgpar are also
influenced by the directionality of the light field, but this dependence
has proven to be weak at mesophotic depths (Mobley and Mobley,
1994). We considered the vertical average value of Kdpar between the
surface and the euphotic depth, defined as the depth at which 1 % of the
surface irradiance remains, following the approach in Saulquin et al.,
2013. For the purposes of our study, we assumed Kqs90 as a good rep-
resentation of optical water quality. Then, the amount of light at seabed
was calculated from the intensity of light entering the ocean (surface
PAR), Kgpar, and bathymetry using Beer’s Law (Kirk, 1994; Mobley,
1994). Seasonal benthic irradiances were corrected for the average
seasonal photoperiod obtained from daily photoperiod calculated for the
centroid of every layer pixel using the package ‘suncalc’ in R software.

We note that this study does not account for boundary effects on
irradiance at sea surface or benthic albedo, nor the effect of wind and the
influence of seabed topography. Cloud-free, clear sky conditions were
considered for all calculations.

2.3. In-situ PAR values

In-situ data on PAR at a global scale were obtained from open-access
repositories. After an extensive web search, we identified three main
repositories storing large-scale data on PAR: the Biological & Chemical
Oceanography Data Management Office (BCO-DMO, bco-dmo.org),
which is a U.S. repository located at Woods Hole Oceanographic Insti-
tution (Massachusetts), SeaDataNet (seadatanet.org), a pan-European
infrastructure for ocean and marine data management, and the Euro-
pean Research Infrastructure Consortium (ERIC) Euro-Argo (euro-argo.
eu), a global array of data on subsurface ocean properties from auton-
omous instruments.

Before downloading the data, we checked whether PAR values and
the units of measure were correctly reported. Since satellite data on PAR
are expressed as E m~2d~! (Einstein per square meter per day, corre-
sponding to mol. photons m~2d™!), we included datasets with values
expressed in units of measure convertible to that of satellite data: pE
em 257!, pmol. phot. m 2571, uE em2d ™!, mol. phot. m 2 s, We also
included values expressed as W m 2 that were converted to pmol. phot.
m~2 s7! by multiplying the values by 4.6 (Sager and Mc Farlane, 1997)
and then to mol. phot. m~2d~".

After the screening, 264 datasets were downloaded from BCO-DMO,
1451 from SeaDataNet, and 262 from Euro-Argo. Sampling devices
included CTDs, moorings, Niskin bottles, and different PAR radiometers
and sensors, both mobile and fixed, and measurements were single or
multiple (e.g., profiles) collected in the same or in different locations.
Measurements acquired using cosine sensors were corrected for the
photoperiod obtained using the package ‘suncalc’ in R software. A total
of 6,804,738 in-situ PAR measurements were obtained, of which
3,030,538 from BCO-DMO, 1,343,000 from SeaDataNet, and 2,431,200
from Euro-Argo. For the scopes of the present study, we excluded
measurements collected at a depth lower than 30 m. The final in-situ
dataset comprised 3,037,257 measurements.

A first data analysis was performed to identify potential errors and
outliers in each dataset and define criteria to exclude them from the final
compilation. Specifically, measurements within the same oceanographic
casts (where “cast” refers to a water depth profile or set of profiles
collected concurrently at more than one depth between the ocean sur-
face and ocean bottom) were removed when 1) collected on the same
date, in the same location, at different depths but reported the same PAR
value; 2) collected on the same date, at different locations and depths
but reporting the same PAR value; and 3) in-situ PAR values were higher
than the maximum value from satellite data on a global scale. The
filtering resulted in 3,667,135 records of in-situ PAR, whose distribution
is reported in Fig. S1.

Science of the Total Environment 959 (2025) 178163
2.4. Model validation and uncertainty

To validate the model, we calculated the PAR values from satellite
data following the Beer’s Law equation for every record and compared
those with measured in-situ data. Satellite surface PAR and Kg49¢ at the
location and on the exact date of the in-situ sampling were extracted
using R software function ‘extract’, package ‘terra’ v1.7.23). The Kgpar
was calculated from Kgao0 following the equation by Morel et al.”!, and
then used to estimate the value of PAR at the sampling depth.

To test the relationship between predicted and measured PAR values,
a correlation test was run on the log-transformed data according to the
approach described by Saulquin et al. (2013), which resulted in a sig-
nificant Pearson correlation coefficient (r) of 0.89 (p-value <0.05).
Finally, bias and mean absolute error (MAE) were calculated on log10-
transformed data as measures of overall algorithm bias (i.e., systematic
error) and accuracy (i.e., average model prediction error) following
Seegers et al. (2018):

> 10g10(PARes:) — 10810 (PARnsicu)
bias = 10" | =

n

lOglo (PAReS[) — lOglo (PARin.si[u)
i=1

MAE =10"

n

where PAR. corresponds to estimated PAR at depth and PARjpsjty to in-
situ measurements, and n is the number of measurements. Bias values
close to 1.0 indicates no bias, values <1.0 denotes underestimation and
values >1.0 overestimation, while MAE values closer to 1.0 indicate
better model performance. We obtained a bias value of 0.83 that sug-
gests a slight underestimation of the observed values by the model. The
calculated MAE was 1.34 indicating an average error of satellite-derived
PAR of 34 %, falling within the 35 % uncertainty and accuracy goal set
for the retrievals of chlorophyll-a concentration, a widely used ocean
color variable adopted as reference (Hooker and Esaias, 1993).

The method applied in this study is not a strict optical oceanography
approach based on radiative transfer theory, as several factors influ-
encing benthic irradiances, i.e. Inherent Optical Properties IOPs, are not
considered. We therefore also estimated PAR at the depths of in-situ
measurements using values obtained with the method proposed by
Magno-Canto et al. (2019) to assess the differences with our approach.
For computational reasons, we randomly selected 10 % of the in-situ
measurements, and PAR at depth was calculated.

In brief, satellite-derived above-surface PAR Es(0") was propagated
across the air-sea interface to derive below surface PAR Ed(07):

Ed(07) = t, Es(0)

where tg represents the global transmittance across the air-water inter-
face (Smith and Baker, 1986). The total downwelling global irradiance
directly above this interface can be separated into direct (or “sun”) and
diffuse (or “sky”) components. Mathematically, t; is expressed as:

ty= (1= Pg) (1 =Y)+ (1= py, )y

where pgiy and psyy are the reflectances at the sea surface for diffuse and
direct irradiance, respectively. Under clear skies, psky is approximately
0.066 (Baker and Smith, 1990), while y was set at 0.03 (Mobley, 1999).
psun Was calculated using the Fresnel reflectance equation (Mobley,
1994):

o — <{sin(0wlz —0,) } 2 n {tan(&salz -6, } 2 ) 05

sin(Osorz + 6) tan(Osor; + 6;)

where 65,1, represents the solar zenith angle in the air at the moment of
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the satellite overpass. 0501, Was obtained from daily Level-2 (L2) NASA
Ocean Color, while 6; is the angle of the sunlight transmitted into the
water calculated with the formula:

0, =sin™! (sinﬁm>
= STsolz

W

where nw is the refractive index of seawater, approximately 1.34
(Mobley, 1994). An IOP-based method thoroughly described and eval-
uated in previous works (Magno-Canto et al., 2019) was used for
calculating Kd490:

Kaa00 = (1 + 0.005 Oy412)a + 4.18(1 _ 0.52¢°1018 a)bb

where a and bb are the coefficients of spectral total absorption and
spectral total backscattering for 490 nm, obtained from daily L2 data in
each location.

The PAR values predicted using the optical oceanography approach
and the method applied in this study were compared with in-situ mea-
surements by calculating the MAE. The optical oceanography approach
yielded an MAE value of 1.30, indicating an average error of 30 %,
consistent with values observed in previous studies (Magno-Canto et al.,
2019), while the method used here resulted in an MAE of 1.22, sug-
gesting an average error of 22 %.

Data from satellites inevitably contain uncertainties related to fac-
tors such as water’s optical properties, atmospheric conditions, and
sensor limitations (Zhang et al., 2022). To test how these uncertainties
propagate through the estimation process and explore model robustness,
Monte Carlo simulations were performed on a subsample of 1200 in-situ
measurement locations. Simulations incorporated uncertainty in the
values of Kd490 and surface PAR retrieved from NASA Ocean Color
assessment report for Surface PAR and Kd490 products and were
repeated for 10,000 iterations. Sites were randomly selected, with equal
distribution across climate zones and depth ranges: 0-100 m, 100-200
m, and > 200 m.

The results showed high model robustness (Table S2), with 81 % of
in-situ measurements falling within the 95 % confidence interval of the
estimated PAR values, considering all climate zones and depth ranges.
Robustness was slightly lower in the 100-200 m depth range (62.5 % of
measurements within confidence interval), while below 200 m depth, all
in-situ measurements fell within the confidence interval.

2.5. Spatial extension of mesophotic zone, temporal trends and anomalies

The current spatial extension of the mesophotic zone was estimated
by bounding 19-year seasonal PAR at seabed between 30 m depth (upper
limit) and 0.0001 mol. phot. m~2d~! (lower limit). In ArcGIS Pro, areas
shallower than 30 m were excluded using ‘clip’ function, layers were
reclassified (function ‘reclassify’) using 0.0001 mol. phot. m~2d ! as
threshold and finally converted to polygons (function ‘raster to poly-
gon’) for every season. The resulting layers were then split according to
the climate zones for each hemisphere: Polar zone (higher than 66.55°
latitude N/S), temperate zone (35° to 66.55° N/S), subtropical zone
(23.44° to 35° N/S), and tropical zone (lower than 23.44° N/S). The
horizontal spatial extents of the mesophotic zone were calculated as the
number of raster pixels receiving light up to 0.0001 mol. phot. m~2d !
and then reported as percentage of benthic domain.

Potential temporal changes in the spatial extension of the meso-
photic zone were investigated using the number of cells with values of
PAR at seabed higher than 0.0001 mol. phot. m~2d ™! as a proxy of the
spatial extent of the seabed under mesophotic conditions. Cells count
was performed for the four seasons, for each climate zone and for each
year between 2003 and 2021. Trends were investigated for every
climate zone both globally and for the two hemispheres separately, at
annual and seasonal scales. The statistical significance of temporal
trends was tested using the non-parametric Mann-Kendall test in R
software.

Science of the Total Environment 959 (2025) 178163

Annual anomalies were investigated as differences between annual
extents, calculated from seasonal values, and the average values ob-
tained from detrended time-series over the period 2003-2021,
computed in R software. For temperate, subtropical and tropical zones,
the detrending did not included 2010 and 2011, when strong anomalies
were observed. Anomalies were considered statistically significant when
exceeding two standard deviations of detrended series.

2.6. Temporal change of PAR at seabed and anomalies

To test for trends of change in the absolute values of PAR at seabed
within the mesophotic zone, we randomly generated 2000 points within
the areas under mesophotic conditions for each year, season, and
climate zone. Values of seabed PAR were then extracted in correspon-
dence to the generated points. Trends of change for each climate zone
were explored for the two hemispheres separately and at a global scale
by calculating mean values among the four seasons, and among the four
seasons in both hemispheres, respectively. The statistical significance of
temporal trends was tested using non-parametric Mann-Kendall test in R
software.

As described above, annual anomalies were investigated by
computing differences between annual values of PAR at seabed and the
detrended average values from the period 2003-2021. Anomalies were
considered significant when exceeding two standard deviations of
detrended series.

3. Results
3.1. Distribution and spatial extent of global mesophotic zone

Fig. 1 shows the spatial extent of seabed portions characterized by
levels of irradiance higher than 0.0001 mol. phot. m~2d~!, which is the
lower limit of the mesophotic zone, for the period 2003-2021 for the
different seasons. From our estimation, 3.06 + 0.21 % of the global
benthic domain lies under mesophotic light conditions (Table 1). These
portions of seafloor, however, are not homogenously distributed but
large differences are observed between the north and south hemi-
spheres. On average, 4.77 + 0.53 % of the northern hemisphere’s seabed
resulted within the benthic mesophotic zone, while only 1.71 £+ 0.03 %
in the southern hemisphere.

The benthic mesophotic zone varied not only spatially but also
seasonally. The maximum extension was detected during summer for
both hemispheres, while minimum values were observed in winter and
in spring for the northern and southern hemisphere, respectively.

Within the same hemisphere, the magnitude of variations among
seasons was different for the different climate zones, with the polar re-
gions showing the largest changes in spatial extent. In particular, the
percentage of benthic domain under mesophotic light conditions was
the lowest during winter (0.84 % and 7.22-10~° % for the northern and
southern polar zone, respectively), and the highest in summer (14.70 %)
for the northern polar zone and in spring (0.05 %) for the southern polar
zone. On a yearly average, 8.29 + 2.85 % of the northern and 0.02 +
0.01 % of the southern polar zone resulted under mesophotic light
conditions.

The other climate zones showed smaller differences in the spatial
extent of benthic mesophotic zone among seasons. Within the temperate
zone, the extension was maximum during summer (northern hemi-
sphere) and winter (southern hemisphere) and reached the minimum in
autumn (northern) and spring (southern). The percentage of seabed
under mesophotic light conditions in the subtropical latitudes was the
highest in summer and the lowest in winter for both hemispheres, while
did not change significantly throughout the year in the tropical zones.

3.2. Temporal trends of change in the spatial extent of mesophotic zone

Significant temporal trends in the spatial extent of benthic
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Fig. 1. Seasonal extension and distribution of the benthic mesophotic zone from estimation based on satellite data. The climate zones for each hemisphere

are reported.

Table 1

Table reporting the spatial extension of the estimated benthic mesophotic zone, expressed as km? and percentage of seabed, for global, hemisphere and climate zone

scales.
Hemisphere Climate zone Area (km?) Seabed under mesophotic conditions (km?) Seabed under mesophotic conditions (%)

Winter Spring Summer Autumn Winter Spring Summer Autumn All year

North Polar 1.33 107 1.1210° 1.22 10° 1.9510° 1.11 10° 0.84 9.20 14.70 8.41 8.29 + 2.85
North Temperate 3.97 107 2.09 10° 2.76 10° 3.06 10° 1.72 10° 5.28 6.95 7.72 4.33 6.07 + 0.77
North Subtropical 2.65 107 1.01 10° 1.21 10° 1.31 10° 1.10 10° 3.79 4.57 4.95 4.12 4.36 + 0.25
North Tropical 7.48 107 2.8510° 2.9310° 2.89 10° 2.65 10° 3.81 3.92 3.87 3.55 3.79 + 0.08
South Tropical 7.75 107 2.36 10° 2.49 10° 2.48 10° 2.40 10° 3.04 3.21 3.19 3.09 3.13 + 0.04
South Subtropical 3.60 107 5.04 10° 6.1110° 6.4210° 5.60 10° 1.40 1.70 1.78 1.56 1.61 + 0.08
South Temperate 8.5 107 8.4210° 6.50 10° 7.98 10° 7.01 10° 0.99 0.76 0.93 0.82 0.88 + 0.05
South Polar 1.45 107 10.50 7.5310° 4.9810° 4.24 10% 7.22.107° 0.05 0.03 0.00 0.02 + 0.01
North All 1.54 108 6.06 10° 8.1210° 9.2210° 6.58 10° 3.93 5.26 5.98 4.27 4.77 £ 0.53
South All 2.14 108 3.70 10° 3.76 10° 3.9210° 3.66 10° 1.73 1.76 1.84 1.71 1.76 + 0.03
Globe All 3.68 10° 9.76 10° 1.19 107 1.31 107 1.02 107 2.65 3.23 3.57 2.78 3.06 + 0.21

mesophotic zone were detected for the period 2003-2021. The portion
of seafloor under mesophotic light conditions has significantly increased
in the polar zone over the last 19 years (Fig. 2A, Table 2). Similar results
were obtained when considering the two hemispheres separately, both
showing significant expansion trends. Except for a significant decrease
observed for the northern polar zone in spring, positive seasonal ten-
dencies in polar areas were driven by an enlargement of the spatial
extent of benthic mesophotic zone in winter for the north polar zone,
and in spring and summer for the southern (Table 2).

Contrarily, a significant negative trend was detected for the
temperate zone on a global scale (Fig. 2B). This tendency appeared to be
limited to the northern hemisphere, where the benthic mesophotic zone
decreased during spring, and autumn. No significant variations were
detected for the southern temperate zone. Interestingly, the lowest
extent was detected in 2010 and 2011 for both hemispheres (Fig. 2). This
substantial reduction in the portion of seabed influenced by mesophotic
light conditions might be explained by the occurrence of strong El Nino
and La Nina events in 2010 and 2011, which drove extreme climatic
conditions, especially throughout 2010 (Jiménez-Munoz et al., 2016;
Siler et al., 2017; Hove and Kambanje, 2019). Such reduction was,

however, not observed during the 2015-2016 El Nino and La Nina
events, when frequent and strong droughts have been observed in many
parts of the world (Jiménez-Munoz et al., 2016; Siler et al., 2017; Hove
and Kambanje, 2019; Kolusu et al., 2019).

No significant trends of change in the extension of benthic meso-
photic zone were observed in both hemispheres subtropical and tropical
zones (Fig. 2C, D), showing smaller variations compared to other climate
zones. When considering seasons separately, a trend of enlargement was
detected in southern tropical zone in summer. A strong contraction of
the benthic mesophotic zone, however, was observed in 2010 and 2011
extension within subtropical and tropical zones for both hemispheres.
We consider this contraction as potentially related to the El Nino and La
Nina events that occurred in those years.

Anomalies in the extent of benthic mesophotic zone with respect to
detrended average extent for the period 2003-2021, indeed, resulted
statistically significant (p-value <0.05) for the temperate, subtropical
and tropical zones in 2010 and 2011 (Fig. S3). Annual anomalies were
significant also for polar zone in 2016.
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Fig. 2. Annual temporal trends in the estimated extension of benthic mesophotic zone for the different climate zones over the period 2003-2021. Results of Mann-

Kendall test are reported for significant trends.

3.3. Temporal trends of change in PAR at seabed

The values of PAR reaching the seabed showed significant temporal
variations over the period 2003-2021. On a global scale, a long-term
decrease in the absolute value of PAR at seabed was observed in the
polar and temperate zones (Fig. 3A, B). For the polar zone, the northern
hemisphere shows a statistically significant decreasing trend (p-value
<0.05) whereas both hemispheres concurred in the negative tendency
identified for the global temperate zone (p-value <0.05).

The analysis of the temporal change of PAR at seabed for the
different seasons revealed a more complex picture. In the polar zones,
the long-term level of benthic irradiance decreased during winter for the
northern hemisphere and increased in spring for both hemispheres.
Similar trends were obtained for the northern temperate zone, which
showed a negative and positive trend in winter and spring, respectively.
The values of PAR at seabed decreased during summer and autumn in
the southern temperate zone. Although not statistically significant,
increasing tendencies were identified for the subtropical zone in both
hemispheres.

Annual anomalies resulted largely not significant with the exception
for significantly higher values of PAR at sea bottom in 2011 for polar and
temperate zones and significantly lower values in 2003 for subtropical
and tropical zones (Fig. S3).

4. Discussion

National and international policies increasingly require quantitative
estimations of the distribution and spatial extent of marine benthic
habitats to plan efficient management and conservation of marine eco-
systems. However, mapping habitats comes with strengths and limita-
tions. From an ecological perspective, the definition of areas presenting
environmental conditions able to support specific ecosystems requires
drawing clear borders, while natural ecosystems distribute along envi-
ronmental gradients and may lack obvious boundaries. From a practical
view, however, mapping environmental requirements may provide
insight into the potential distribution of marine habitats and ecosystems
and knowledge gaps. The mesophotic zone represents a case in point, as
its distribution and extension rely upon the gradient of light along the
water column.

Using simulation models to estimate benthic irradiance is crucial to
explore the contribution of the mesophotic domain to global oceans and

trend patterns that may anticipate potential abrupt changes.

We estimated that 3.06 + 0.21 % of the global benthic domain was
under mesophotic conditions over the period 2003-2021, receiving light
intensities higher than 0.0001 mol. phot. m~2d ™, and thus likely pre-
senting requirements for the presence of benthic mesophotic habitats.
The portion of seabed under mesophotic light conditions was higher in
the northern hemisphere (4.77 + 0.53 %) with respect to the southern
(1.76 £+ 0.03 %), with larger differences at higher latitudes. Geo-
morphology is, arguably, among the concurring factors of this differ-
ence: about 60 % of the northern hemisphere’s surface is covered by
water compared to about 80 % in the southern hemisphere. Less land
means fewer coastlines and, thus, a wider portion of benthic domain out
of light reach. In addition, the southern hemisphere is characterized by
highly steep coastlines whose extent is not properly represented on a
horizontal projection, causing the benthic mesophotic zone to be
restricted with respect to the northern hemisphere.

Within every climate zone, the extent of seabed reached by meso-
photic light is also influenced by the seasonality, following patterns in
agreement with the literature (Sverdrup, 1953). In the northern hemi-
sphere, the reduced amount of sunlight at sea surface and the deep
mixed layer during the winter season (Sverdrup, 1953; Henson et al.,
2013) limit the light penetration, likely causing a contraction of the
benthic mesophotic zone. The strengthening of solar radiation at surface
and the shallowing of the mixed layer at the beginning of spring, on the
contrary, favor the widening of the benthic mesophotic zone, which
reaches its largest extent in summer.

Variability in seasonality was less pronounced in subtropical and
tropical zones for both hemispheres, where solar radiation is generally
high and the mixed layers are sufficiently shallow all year-round (du
Plessis et al., 2019), reducing seasonal changes in the extent of benthic
mesophotic zone. In the southern temperate zone, however, seasonality
has an effect and follows a pattern similar to that of the northern
hemisphere, with the maximum extent during summer and minimum in
autumn. Only small patches of benthic mesophotic zone were estimated
for the southern polar region during winter and autumn, when sea ice
preventing sunlight penetration is at its highest extension. A larger
portion of seabed was, instead, estimated to be reached by PAR in spring
and summer seasons but the amount of light was under the threshold (i.
e., < 0.0001 mol. phot. m~2d™1). The benthic mesophotic zone, thus,
widens during spring and summer but coverage percentages remain low.
However, the fairly coarse horizontal resolution of satellite and
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Table 2

Temporal trends in the estimated extent of benthic mesophotic zone and PAR at
seabed for the period 2003-2021. Mann-Kendall test was performed for the
different climate zones at the global scale, considering hemispheres separately,
and for each season. Statistics are reported for significant trends. Positive and
negative values of ZMK (Mann-Kendall test statistic) correspond to increasing
and decreasing tendencies, respectively.

Hemisphere  Climate zone  Season Extent PAR at seabed
ZMK P-value ZMK P-value
Globe Polar All 0.35 0.042 —0.47  0.005
Globe Temperate All -0.43  0.011 -0.44  0.009
Globe Subtropical All - - - -
Globe Tropical All - - - -
North Polar All 0.35 0.042 -0.38  0.025
North Temperate All -0.47  0.005 -0.45  0.008
North Subtropical All - - - -
North Tropical All - - - -
South Tropical All - - - -
South Subtropical All - - - -
South Temperate All - - —-0.42 0.014
South Polar All 0.35 0.042
North Polar Winter 0.38 0.025 -0.40 0.017
North Temperate Winter - - —0.47  0.005
North Subtropical Winter - - - -
North Tropical Winter - - - -
South Tropical Winter - - - -
South Subtropical Winter - - - -
South Temperate Winter - - - -
South Polar Winter - -
North Polar Spring -0.36  0.035 0.51 0.003
North Temperate Spring -0.39 0.021 0.40 0.017
North Subtropical Spring - - - -
North Tropical Spring - - - -
South Tropical Spring - - - -
South Subtropical Spring - - - -
South Temperate Spring - - - -
South Polar Spring 0.33 0.05 0.53 0.007
North Polar Summer - - - -
North Temperate Summer - - - -
North Subtropical Summer - - - -
North Tropical Summer - - - -
South Tropical Summer  0.38 0.025 - -
South Subtropical Summer - - 0.36 0.036
South Temperate Summer - - -0.37  0.030
South Polar Summer  0.44 0.009 - -
North Polar Autumn - - - -
North Temperate Autumn —0.39 0.021 - -
North Subtropical Autumn - - 0.46 0.006
North Tropical Autumn = - - - -
South Tropical Autumn = - - - -
South Subtropical Autumn - - - -
South Temperate Autumn - - -0.37 0.030
South Polar Autumn = - - - -

bathymetric data restricts the ability to precisely resolve boundaries of
sea ice, suggesting that the extension of areas falling under mesophotic
light conditions would be larger if a higher spatial resolution was
applied.

The intensity of factors that contribute to weaken the penetration of
light along the water column changes on a spatial and temporal scale.
Cloud coverage, precipitation, river runoffs, suspended matter, and
plankton abundance naturally vary among locations and at intra- and
inter-annual scale, generating fluctuations in benthic light availability
and in the portion of seabed under photic and mesophotic conditions.
Temporal changes may occur in two ways: 1) Benthic areas character-
ized on average by no light along the year are reached at some point by
underwater light, widening the benthic mesophotic zone and creating
new niches suitable for organisms that thrive at mesophotic conditions;
2) benthic areas receiving mesophotic light on average along the year
are less or no longer exposed to sunlight due to the development of new
attenuating factors, reducing the space suitable for mesophotic habitats.
This does not pose much of a problem when changes are temporary or
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follow a natural pattern, but issues arise when alterations last long.
When modifications become permanent and substantial, they may have
large impacts on marine ecosystems and habitats.

Available model projections indicate that climate change is modi-
fying factors related to the underwater light field, such as the increasing
loss of sea ice in polar areas and changing turbidity and phytoplankton
dynamics worldwide (IPCC, 2023).

Our temporal analysis for the period 2003-2021 confirms the pre-
dictions, showing significant trends in the distribution, extension, and
light availability of the benthic mesophotic zone. In polar areas, the
extent of seabed receiving light within the mesophotic range signifi-
cantly increased on average, but PAR values showed trends depending
on the season. Light is reaching the seabed in more areas during winter
for the northern polar zone and during summer for the southern, but its
intensity is weaker during winter and stronger in spring. The increasing
extent of seafloor under mesophotic light conditions follows available
predictions (Bindoff et al., 2019a) and may be related to the reduction of
sea ice coverage, which has been widely documented during winter
months for the northern polar zone (Stroeve and Notz, 2018) and during
summer for some regions in the southern (Holland, 2014; Hobbs et al.,
2016). As sea ice retreats, a larger sea surface can be reached by sunlight
that penetrates the water column, arguably leading to a widening of the
benthic mesophotic zone. However, portions of seabed reached by
mesophotic light on average across seasons seem to receive a lower
amount of light in terms of absolute value. An increase in cloud amount
during winter over the north pole has been documented (Vavrus et al.,
2011) and may represent a contributing factor in reducing PAR intensity
at surface and potentially at seabed. The amount of underwater light
may also vary greatly depending on ice breakout timing and day length.
Meltwater has been observed to favor algal blooms to onset earlier in
both polar zones (Yamaguchi et al., 2022; Thomalla et al., 2023). Early
ice breakout when day lengths are still short in early spring may cause
underwater light to have intensities under minimum requirements for
primary producers to growth (Joy-Warren et al., 2019), reducing light
attenuation by algal blooms and allowing a higher amount of light to
penetrate the water column and reach the seabed.

A significant decrease in the extent of benthic mesophotic zone was
observed for the northern temperate zone during spring, summer and
autumn, but benthic PAR values significantly increased in spring. The
predicted reduction of primary production rates across the entire ocean
linked to the shallowing of mixed-layer and the decline in nutrient
supply (Moore et al., 2018) is expected to reduce water turbidity, driving
an increase in the amount of irradiance penetrating the water column.
However, a large inter-model variability has been documented (Bindoff
et al., 2019b) as well as a strong latitudinal dependence (Laufkotter
et al., 2015). Discrepancies come also from field observations that report
different trends in primary production depending on the geographical
area (Behrenfeld et al., 2006; Boyce and Worm, 2015). We attribute the
negative trends observed to small-scale processes in spring, summer and
autumn seasons that may drive local strengthening of light attenuating
factors in areas receiving on average small amount of light, thus causing
PAR intensity at the seabed below the mesophotic light range and
leading to a reduction in the benthic mesophotic zone. In addition,
changes in precipitation and wind stress related to large-scale climate
modes, like ENSO, NAO and South Atlantic Meridional Overturning
Circulation (SAMOC, Wang and Cai, 2013; Zhang et al., 2017) together
with increased frequency of storm surges and heat waves have been
proved to increase nutrients and sediment loads from river runoffs
(Tweedley et al., 2016; Arias-Ortiz et al., 2018). An evident decrease in
benthic mesophotic zone extent is, indeed, observed in 2010 and 2011
(Fig. 2), when several tropical cyclones brought large volumes of rain to
various regions around the world, including northern Australia, south-
ern and eastern Asia, and most of Central America due to El Nino and La
Nina events (Jiménez-Munoz et al., 2016; Siler et al., 2017; Hove and
Kambanje, 2019; Kolusu et al., 2019). Major changes in water clarity
have been also documented in the last decades in different regions
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Fig. 3. Temporal trends in the estimated PAR values that reach the seafloor, expressed as mol. phot. m~2d~! (Einstein per square meter per day), for the different
climate zones over the period 2003-2021. Results integrate the four seasons (i.e., annual values) and both hemispheres (i.e., global scale). Light-grey shading
represents standard error. Results of Mann-Kendall test are reported for significant trends.

(Thomas et al., 2015; Abreu et al., 2017; Arias-Ortiz et al., 2018; Mar-
ques et al., 2018; Lopez-Abbate et al., 2019), which may have poten-
tially contributed to limiting benthic irradiance.

The intensity of PAR at seabed within the northern temperate zone
showed a significant decrease during winter, while a positive trend was
observed in spring (Table 2). Although based upon local observational
records (Sallée et al., 2021), winter mixed-layer depths deepening at
rates of 10 m per decade have been reported at individual long-term
mid-latitude monitoring sites (Somavilla et al., 2017). The deepening
of winter mixed layer may cause limitation of light penetration, poten-
tially concurring in explaining the observed negative trend. During
spring, areas receiving on average light within the mesophotic range
have experienced an increase in the PAR value at seabed, in line with the
increase of light availability expected at these latitudes for the spring
season (Bindoff et al., 2019a).

A decline in primary production has been also reported in the trop-
ical belt (Roxy et al., 2016; Doney et al., 2014) but no significant trends
were observed in the extent of seafloor under mesophotic light condi-
tions in tropical and subtropical zones at a global scale. However,
temporal analysis of the benthic PAR values shows a non-significant
positive tendency in subtropical zones for both hemispheres. If an in-
crease in seabed light intensity seems not to have led to an enlargement
of the benthic mesophotic zone yet, the area of low-productivity waters
is expected to increase (Polovina et al., 2008), with the potential to
weaken the light attenuating factors and, thus, increase the portion of
the benthic mesophotic zone. On the contrary, we observed a clear and
strong decrease in the portion of seabed under mesophotic light condi-
tions in 2010 and 2011 when El Nino and La Nina occurred, suggesting a
major role played by tropical storms on the extent of the benthic mes-
ophotic zone. No such effect was, however, observed during El Nino and
La Nina events in 2015-2016, probably related to the lower volume of
precipitations and the extreme droughts that occurred during these
events (Paek et al., 2017; L’Heureux et al., 2017).

Although the lack of significant trends in subtropical and tropical
zones when considering the entire year, positive summer trends in
benthic mesophotic zone extent and PAR at the seabed were observed
exclusively in the tropical and subtropical zones of the Northern
Hemisphere, highlighting a unique pattern within these regions. This
seasonality may be attributed to the interplay of increased summer solar
irradiance and favorable water clarity during this period, both of which

enhance light penetration. The absence of significant trends over the
entire year suggests these effects are not yet strong enough to produce
sustained, year-round changes. This seasonal response likely reflects the
sensitivity of the benthic mesophotic zone to short-term environmental
shifts rather than cumulative long-term changes, which may indicate
that current conditions still fluctuate within a natural range in the
subtropical and tropical zones. Since the climatological dynamics of
tropical and subtropical zones are expected to modify in the near future
(Shan et al., 2023), it is possible that further changes, either seasonal or
annual, could emerge as environmental conditions continue to evolve.
Such trends, whether become evident, could eventually impact benthic
mesophotic domain more broadly.

Our results suggest a global-scale reorganization of the benthic
mesophotic zone over the past two decades. Annual anomalies from
detrended mean values calculated for the 2003-2021 period were
generally statistically not significant, indicating that while broad long-
term trends are evident for some climate zones, changes are gradual
with no abrupt or unpredictable fluctuations from year to year. How-
ever, observed shifts in both the global spatial extent and absolute values
of PAR at the seabed are incremental and may, in the future, bring the
benthic mesophotic system closer to a critical threshold beyond which
changes could occur suddenly and become potentially irreversible. The
variations in extent and light intensity within the benthic mesophotic
zone documented in this study have the potential to impact mesophotic
benthic habitats at both regional and global scales. Enhanced or
diminished light conditions at the seabed directly influence the presence
of benthic organisms that rely on mesophotic light. Therefore, our
findings carry significant implications for the current and future distri-
bution of mesophotic benthic ecosystems in a changing climate.
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