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A B S T R A C T

Reef calcifiers, such as symbiont-bearing large benthic foraminifera (LBF), play a major role in shaping (sub) 
tropical ecosystems. LBF are projected to experience larger fluctuations in light levels as well as elevations in sea 
surface temperatures, which might be accommodated by a shift in their species distribution towards cooler 
subtropical regions. While foraminifera are highly sensitive to environmental changes, their light and temper
ature niches have not been well characterized. Here we examined the ability of the diatom-bearing Heterostegina 
depressa to acclimate to a range of light levels (from 0 to 50 μmol photons m−2 s−1) and temperatures (from 15.6 
to 33.1 ◦C) through a 4-week experimental study. Micro-CT scanning of live foraminifera prior to experimental 
incubations was successfully used to quantify calcification. A thermal niche between 24.4 and 30.3 ◦C was 
identified for H. depressa based on assessment of growth, calcification and photosynthetic yield. High sensitivity 
was observed outside this range, as also confirmed by declining photosynthetic efficiency. H. depressa showed a 
light optimum for growth between 25 and 38 μmol photons m−2 s−1, and first signs of photoinhibition at 50 μmol 
photons m−2 s−1, while decreased growth was observed in darkness. Acclimatization to higher light intensity is 
explained by a relative increase in the pigment violaxanthin, as detected by high-performance liquid chroma
tography (HPLC). Our results suggest that LBF survival could become compromised under future range expan
sions, however examining the interactive effects of light, temperature, and other environmental stressors on LBF 
performance are urgently needed as a basis for predicting their responses to future ocean projections.

1. Introduction

Large benthic foraminifera (LBF) play a major role in carbon cycling 
and sequestration within tropical and subtropical reef ecosystems, 
contributing approximately 4.8% to the global carbonate production 
annually (Langer et al., 1997; Hohenegger, 2006; Langer, 2008). They 
are fundamental in the production of calcareous sediments through the 
secretion of their calcium carbonate tests, and as a result are vital for 
reef and beach maintenance (e.g., Hallock, 1981; Yamano et al., 2000; 
Dawson et al., 2014). Additionally, LBF are widely used as bioindicators 
on coral reefs, responding rapidly to environmental changes such as 
ocean warming and eutrophication, thereby offering valuable insights 
into water quality and ecosystem health (Hallock et al., 2003; Girard 
et al., 2022).

Similar to corals, LBF engage in symbiotic relationships with 

eukaryotic and prokaryotic microalgae (i.e., photo-endosymbionts), as 
well as non-photosynthetic prokaryotes (Lee, 2006; Prazeres and 
Renema, 2018). Particularly the interaction with photosynthetic algae is 
crucial for foraminiferal growth, calcification and survival as these 
symbionts efficiently recycle scarcely available nutrients and supply up 
to 90% of the energy required by the host (Hallock, 1981, 1985; ter Kuile 
and Erez, 1991). In addition, photosynthesis and calcification are sug
gested to mutually enhance each other (Duguay and Taylor, 1978; 
McConnaughey and Whelan, 1997; Hallock, 2000). Consequently, the 
LBF are dependent on the intricate relationship with their photosym
biotic algae, shaping their environmental niche. Key requirements 
include ample light to support the photosynthetic activities of their algal 
endosymbionts and a suitable temperature range. This suite of condi
tions confine the biogeographic range of modern-symbiont bearing LBF 
to (sub)tropical and warm temperate shallow seas (Lee and Anderson, 
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1991; Langer and Hottinger, 2000; Weinmann et al., 2013).
Given these environmental constraints, foraminifera are highly 

sensitive to environmental change, including ocean warming and al
terations in light exposure. A projected global sea surface temperature 
increase of 4.3 ◦C by 2100, relative to the years 1850–1900 under the 
Representative Concentration Pathway 8.5 scenario, poses threats to the 
algal-host symbiosis and survival of LBF in their current range. This is 
evidenced by compromised photosynthesis (Schmidt et al., 2011; 
Uthicke et al., 2012) and reduced growth rates under heat stress con
ditions (Reymond et al., 2011; Doo et al., 2012). Heat stress can further 
cause some species (eg. Heterostegina depressa) to expel their photo
symbionts and thus lead to bleaching (Schmidt et al., 2011), while other 
species have been reported as very heat-tolerant (eg. Pararotalia cal
cariformata; Schmidt et al., 2016). However, the complete temperature 
niche is not well characterised for all LBF, and responses to cooler water 
temperatures (e.g., Fujita et al., 2014) are rarely assessed. The effect of 
lower temperatures are important since future range shifts could lead to 
exposure to more seasonal variation, potentially impacting overall LBF 
health (Langer and Hottinger, 2000; Vergés et al., 2014; Titelboim et al., 
2021).

Moreover, LBF are faced with a changing light climate due to alter
ations in the physical characteristics of reef environments and land-sea 
interactions, driven by factors such as rising sea levels (Baker et al., 
2008), variations in cloud cover (Wild et al., 2011), and anthropogenic 
activities causing increased levels of terrestrial runoff (Hallock et al., 
2006; Prazeres et al., 2016). The anticipated shifts in light availability 
can significantly impact LBF, with high light intensities leading to 
increased mortality over a few weeks (Nobes et al., 2008), while dark
ness causes metabolism to be reduced and a dormancy stage can be 
triggered (Lintner et al., 2023). This dormancy stage is characterized by 
short-term inactive life and arrested development within LBF (Ross and 
Hallock, 2016). However, despite the importance of LBF in reef eco
systems, significant knowledge gaps exist regarding the capacity of 
foraminifera species to acclimatize to projected temperatures and 
changes in light exposure.

Here we characterize the light and temperature niches of one of the 
most abundant LBF species, Heterostegina depressa, a crucial step for 
predicting their responses to future ocean conditions. This diatom- 
bearing species (Nummulitidae) found in the Indian and Pacific 
oceans (Hallock, 2000) occurs on rubble and solid substrates throughout 
the photic zone (Hohenegger et al., 2000; Renema, 2018). It was hy
pothesized that the physiological responses of H. depressa were 
compromised during heat stress, but also during cold stress. Further
more, we expected a relatively low light optimum and hence light stress 
to be observed already at moderate light intensities. To gain a 
comprehensive understanding of the temperature and light ranges that 
H. depressa can tolerate, it was exposed to a range of light and temper
ature levels in a 4-week experiment, in which growth, calcification, and 
photo-physiological characteristics were monitored. Furthermore, to 
improve methodologies used in a laboratory setting, we applied 
micro-CT scanning on live specimens before and after the experiment to 
assess growth, presenting a novel alternative to existing methodologies.

2. Materials and methods

2.1. Specimen collection

Coral rubble was collected from the Indo-Pacific coral reef aquarium 
in Burgers’ Zoo (Arnhem, the Netherlands) in April 2022. Conditions in 
the coral reef tank are strictly monitored (Janse et al., 2008) and regu
lated at a salinity of 34.2, pH at 7.9 and temperature of 25–26.5 ◦C with 
a seasonal cycle (Janse et al., 2008). Light is year long at a 12:12h 
day-night cycle. Approximately same-sized (⌀ = 3 mm) H. depressa 
specimens were manually selected based on their homogenous brown 
coloration, a sign of health. The specimens were left to acclimatize in a 
small container connected to an air pump and filled with the zoo tank 

sea water to ambient sampling conditions (24 ◦C, 70 % humidity and a 
12:12 h light-dark cycle) in an incubation chamber (Fitotron®, Weiss 
Technik, Loughborough, UK). To ensure stable salinity levels during the 
acclimatization phase, the water levels were monitored and sterile fresh 
water was added to compensate for evaporation. After three days of 
acclimatization, all individuals were micro-CT scanned (see below) and 
transferred to the temperature and light-gradient incubators, in which 
they were again acclimatized for three days prior to the start of the 
experiment.

2.2. Experimental set-up

In two experiments, H. depressa specimens were incubated for four 
weeks across either a temperature, or a light-gradient, each consisting of 
five treatments. The incubation setup consisted of an aluminum frame 
tightly holding the incubation vials, that was connected to two water 
baths for temperature control and placed directly above an LED light 
source. The temperature gradient was created by cooling the frame from 
one and heating from the other side. The temperature experiment 
included a range from 8.4 ◦C below to 9.1 ◦C above average in situ 
temperature (i.e. 15.6 ◦C, 18.6 ◦C, 24.4 ◦C, 30.3 ◦C and 33.1 ◦C; see 
Supplementary Material Fig. S1A for illustration of the set-up). Prior to 
starting the incubation, temperatures were decreased/increased gradu
ally by 3 ◦C per two days. This procedure was chosen to avoid thermal 
shock and potentially rapid bleaching as has been reported in H. depressa 
within a few days of exposure to 32 ◦C (Schmidt et al., 2011). However, 
we note that it might already cause some level of stress prior to reaching 
the final treatment temperature. In the temperature experiment, speci
mens were maintained at a constant light level of 12.6 μmol photons 
m−2 s−1. In the light experiment, LBF were exposed to the following light 
levels: 0, 12.5, 25, 37.5 and 50 μmol photons m−2 s−1 (Supplementary 
Material Fig. S1B). In this light-gradient, specimens were maintained at 
24 ± 0.1 ◦C. In both experiments, LBF were maintained at a 12:12 h 
light-dark cycle with light provided by eight LED lamps covering the 
range of 380–750 nm (see Supplementary Material Fig. S2 for light 
spectrum). Each light and temperature treatment consisted of five 
replicate vials (n = 25), each containing three individuals. Thus, each 
experiment contained 75 individuals.

Incubations were performed in glass vials (20 mL) containing 16 mL 
filtered (Nalgene Rapid-Flow™ Filter, 0.2 μm PES membrane, Thermo 
Fisher Scientific) artificial seawater from the coral reef aquarium in 
Burgers’ Zoo. This seawater (salinity = 34.2, pH = 8.0) was supple
mented with 5 mg L−1 dried algae provided by Burgers’ Zoo as a po
tential prey, as H. depressa has been reported to feed (ter Kuile et al., 
1987; Faber and Lee, 1991). Glass vials were closed with a foam stopper 
to limit evaporation, while still allowing gas exchange. The water level 
was checked regularly and topped up with Milli-Q water if needed. To 
prevent biofilm formation, foraminifera were transferred into new vials 
at the end of each week. All specimens were cleaned with a small brush 
to remove algae prior to the experiment, which was repeated regularly 
during the experimental period to prevent algal growth.

In both experiments LBF individuals were micro-CT scanned to 
determine initial and final shell volumes for all individuals at the ex
periment’s onset and conclusion. Calcification rates were determined in 
week 2 and 4 using the alkalinity anomaly technique. Photosynthetic 
efficiency was measured weekly through pulse amplitude modulated 
(PAM) fluorometry, yet slightly different approaches were used for the 
temperature and light experiments (see below). In the temperature 
experiment, photographs were taken of all individuals on a Leica 
MZ12.5 Stereo Microscope (Leica Microsystems, Wetzlar, Germany) at 
the end of the four week period to examine changes in coloration. Lastly, 
pigment concentrations, including chlorophyll a, were determined at the 
end of the light experiment.
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2.3. Micro-CT scanning

At the start and upon termination of the experiment, all foraminiferal 
specimens (n = 150) were scanned using a high-resolution micro X-ray 
computed tomography scanner (Xradia 520 Versa; Zeiss, Oberkochen, 
Germany) at Naturalis Biodiversity Center. Individuals were carefully 
placed inside plastic tubes containing seawater and low-density plastic 
foil to prevent movement and physical contact between specimens. Each 
individual was positioned along the inner wall of the tube to ensure 
optimal visibility during scanning. Within each tube, the specimens 
were arranged in two distinct horizontal levels, with three individuals 
per level, allowing simultaneous scanning of six individuals. All speci
mens were then scanned in a 360◦ rotation and imaged at 60 kV using a 
0.4 magnification objective at a voxel size of approximately 7 μm. 
Visualization of the calcareous tests through 3D models were generated 
using Avizo Lite 2020.3.1 3D software (ThermoFisher Scientific, Wal
tham, MA, United States; see Supplementary Material Fig. S3 for an 
example). To estimate growth, change in shell volume (ΔV) was calcu
lated from the initial and final volumes. To minimize background noise, 
the masking operation in Avizo™ Lite was used. For comparability and 
to avoid bias between the two time points, masking density range was 
set at 120–255 for all specimens (Supplementary Material Fig. S3). Due 
to a technical issue, one scan for temperature and 16 specimens for the 
light treatment were removed from the dataset. Lastly, specimens were 
divided into three size categories: small 0.465–0.912 mm3, medium 
0.913–1.359 mm3 and large 1.360–1.806 mm3, and differences in ΔV 
within both temperature and light experiments were analyzed.

Given the observed shell breakage during the experiment, where 
chamberlets and, in some cases, rows of chamberlets (partly) broke off in 
certain specimens despite careful handling, an assessment of fragility 
across treatments was conducted. To this end, individuals were classi
fied into two categories: A) Not broken, B) Broken (Fig. 1), and distri
bution of these categories across treatments was assessed. Notably, one 
specimen at 33.1 ◦C was accidently broken in half during PAM- 
measurement at week 4. This specimen was however, along with all 
other broken specimens, not excluded from the analyses since it gives 
valuable information about the fragility of the shell and was still able to 
photosynthesize.

2.4. Alkalinity anomaly technique

The amount of calcium carbonate (CaCO3) precipitated over the 
duration of week 2 and 4 of the experiments was measured using the 
alkalinity anomaly technique (Smith and Kinsey, 1978). During the 
precipitation of 1 mol CaCO3, 2 mol of bicarbonate (HCO3

−) are 
consumed, decreasing total alkalinity (TA) by 2 mol (Smith and Key, 
1975; Zeebe and Wolf-Gladrow, 2001). Changes in TA can thus be used 
to determine net calcification rates. From the culture medium, water 

samples (5 mL) were taken and filtered (0.2 μm) at the start and end of 
week 2 and 4, and the alkalinity was measured by titration with 0.1M 
HCl using an automatic titrator (DMS Titrino 716, Metrohm, 
Switzerland). Corrections for the effect of nutrient uptake were based on 
the nutrient-H+-compensation principle (under the constraint of elec
troneutrality described by Wolf-Gladrow et al., 2007). To this end, nu
trients (nitrate, nitrite, phosphate and ammonium) were analyzed from 
a filtered (0.2 μm) water sample (10 mL) on an AutoAnalyzer with a 3x 
dilution (San++, Skalar Analytical B.V., Breda, The Netherlands).

2.5. PAM-fluorometry

For the temperature experiment, effective quantum yield of photo
system II (Y(II)) was measured at the end of each week. Prior to each 
measurement, any algae present were removed, to prevent interference 
from algal biomass. The measurements were made directly in the in
cubation vials at least 30 min after the start of the photoperiod. Effective 
photochemical quantum yield of PSII is defined as follows (Genty et al., 
1989): 

Y(II) =
Fʹ

M − Fʹ

FḾ
(1) 

Fluorescence was measured during exposure to actinic light (F′), 
while maximum fluorescence levels (F’M) were measured after appli
cation of a saturating light pulse, both using standard settings of a 
Junior-PAM fluorometer with a 2-mm fiber optic cable (Walz GmbH, 
Effeltrich, Germany).

For the light experiment, rapid light curves were collected weekly, to 
get additional information on potential acclimation to different light 
levels. In week 1 measurements were only performed on individuals in 
light treatments 12.5, 25 and 50 μmol photons m−2 s−1 (see Supple
mentary Material Table S1 for exact sample sizes). All individuals were 
dark-adapted for 30 min, for measurements of maximum quantum yield 
in darkness. Rapid Light Curves were then obtained using a Water-PAM 
(Walz GmbH, Effeltrich, Germany) and the WinControl software (Walz). 
Foraminifera were subjected to nine increasing light levels for 1 min 
each (0, 7, 10, 16, 23, 32, 44, 72 and 103 μmol photons m−2 s−1). 
Relative electron transport rate (ETR) was estimated by multiplying 
quantum yield of photosystem II with each light intensity (PAR). A 
photosynthesis-irradiance curve was fitted to these data using equation 
(2) (Eilers and Peeters, 1988) with the fitModel function in R (version 
4.2.1; RStudio Team, 2020). 

rETR =
PAR

A⋅PAR2 + B⋅PAR + C
(2) 

Then, the following parameters were derived from these light curves: 
maximum electron transport rate (ETRmax; equation (3)), initial slope (α; 
equation (4)), minimum saturation irradiance (Ek; equation (5)) and 

Fig. 1. Classification of foraminifera shells. Specimens labeled as A) “Not broken”, and B) “Broken”, where the specimen experienced breakage during the 
experiment due to handling issues or treatment effects. The purple shade refers to the foraminiferal shell before the start of the experiment and is situated underneath 
the grey shade, which shows the shell’s condition at the end of the experiment. Shells that appear as dark purple have been broken, while areas solely in grey denote 
newly added shell structures. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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optimal intensity (Im; equation (6); Eilers and Peeters (1988)). 

ETRmax =
1

B + 2⋅
̅̅̅̅̅̅̅̅
A⋅C

√ ; (3) 

α =
1
C

(4) 

Ek =
C

B + 2⋅
̅̅̅̅̅̅̅̅
A⋅C

√ (5) 

Im =

̅̅̅̅̅̅
C
A

√

(6) 

2.6. Pigment analysis

At the end of the light experiment and after CT-scanning, all fora
minifera were frozen and preserved at −80 ◦C. Samples were freeze- 
dried and weighed prior to pigment extraction. Concentrations of 
chlorophyll a (Chl a) and accessory pigments associated with light 
harvesting and photoprotection were determined using high- 
performance liquid chromatography (HPLC). For this, a modification 
of the method described by Mantzouki et al. (2018) and Van der Staay 
et al. (1992) was used. For extraction, 0.5 mm beads and 400 mL of 90% 
acetone were added to each sample. After two 1-min rounds on a 
bead-beater, samples were sonicated for 10 min in ice water. A mixture 
(200 μL) of 7.7% ammonium acetate and 1.5% tributyl ammonium ac
etate in MilliQ was added to each sample to facilitate pigment binding. 
Samples were vortexed for approximately 10 s and then centrifuged at 
15,000 rpm for 3 min. From the resulting supernatant, 70 μl was used for 
the analysis on a Shimadzu HPLC (Thermo Scientific, Waltham, MA, 
United States) as described before (Wilken et al., 2014).

2.7. Statistical analysis

Significant differences in physiological parameters, for which mea
surements were performed weekly (photosynthetic yield in temperature 
experiment and light curve parameters in light experiment), were tested 
using linear mixed models with a repeated measures design and un
structured covariance in SPSS. For photosynthetic yield measurements 
in the temperature experiment time was included as an additional 
random factor. For pairwise comparison of main effect (light or tem
perature) levels Bonferroni adjustment was used. All other statistical 
analyses were performed using R, with graphical representations pro
duced using the ggplot2 package (Wickham, 2009). For parameters with 
less than weekly measurements (growth, calcification, pigment content) 
one-way analysis of variance (ANOVA) was used, in case the assump
tions were met. Tukey’s Honestly Significant Difference (HSD) was 
performed as a post-hoc test using the built-in R function TukeyHSD. In 
instances where the normality assumption for one-way ANOVA was 
violated or outliers were detected, the Kruskal-Wallis test from the 
rstatix package was performed as a non-parametric alternative 
(Kassambara, 2020). Post-hoc pairwise multiple comparisons were 
conducted with the Dunn test (p-value adjustment method: 
Benjamini-Hochberg) after a significant Kruskal-Wallis test result 
(Dunn, 1964; Benjamini and Hochberg, 1995; Kassambara, 2020). In 
cases where only the homogeneity of variances assumption was 
violated, Welch’s ANOVA within the rstatix package was carried out 
(Kassambara, 2020). Whenever both the assumption of normality and 
homogeneity were violated, a robust ANOVA (One-Way Trimmed Means 
Comparisons) was performed with a Lincon post-hoc test from the WRS2 
package in R (Mair and Wilcox, 2020).

3. Results

3.1. Micro-CT scanning

Changes in shell volume observed by micro-CT scanning (further 
referred to as growth) ranged from −0.255 to 0.454 mm3 across all 
specimens in both the temperature and light experiments (Fig. 2). Even 
within treatments, a high degree of variability in growth was observed.

In the temperature experiment, we found the optimum temperature 
for growth to be 24.4 ◦C indicated by a positive change in shell volume 
(ΔV) in 12 out of 15 individuals (Fig. 2). Both 24.4 ◦C and 30.3 ◦C 
treatments showed significantly higher ΔV compared to the other tem
perature treatments (Lincon post-hoc test, p < 0.05). Five foraminifera 
at 24.4 ◦C and seven individuals at 30.3 ◦C showed a positive ΔV despite 
having a broken shell, suggesting either thickening of the shell, repair of 
broken fragments and/or addition of new chamber rows. While the 
proportion of broken shells did not differ significantly among temper
atures (one-way ANOVA, F(4,20) = 2.12, p = 0.116), specimens at 
15.6 ◦C, 18.6 ◦C and 33.1 ◦C were unable to repair broken shell frag
ments (ΔV < 0).

In the light experiment, foraminifera were able to grow (ΔV > 0) 
across all light intensities, except under dark conditions (Fig. 2) (Dunn 
test, adjusted p < 0.05). Change in shell volumes increased with higher 
light irradiances until 37.5 μmol photons m−2 s−1, however, ΔV did not 
differ significantly between the four light treatments (Dunn test, 
adjusted p > 0.12). Changes in ΔV between the control treatment in the 
temperature experiment (maintained at 12.6 μmol photons m−2 s−1) 
were similar to ΔV observed in the control of the light experiment (12.5 
μmol photons m−2 s−1; average of 0.064 and 0.085 mm3, respectively). 
Furthermore, there were no significant differences in the fraction of 
broken specimens among light treatments (one-way ANOVA, F(4,20) =
0.60, p = 0.668). However, specimens under dark conditions exhibited 
the highest incidence of breakage (8 out of 14; 57.1 %), with least 
breakages at 12.5 μmol photons m−2 s−1 (4 out of 11; 36.4 %).

3.2. Alkalinity anomaly technique

In week 2 of the temperature experiment, foraminifera incubated at 
the control treatment were the only ones exhibiting positive precipita
tion of CaCO3, contrasting with negative values in all other treatments 
indicating shell dissolution (Fig. 3). The precipitation of CaCO3 was 
significantly higher in the control than in the 18.6 ◦C and 33.1 ◦C 
treatments (Dunn test, adjusted p = 0.012 and p = 0.006, respectively). 
In week 4, all treatments including the control, showed a negative 
average CaCO3 precipitation. Only two of the five replicates demon
strated calcification in the control, either by forming new chambers or 
thicker shells. In both weeks, precipitation of CaCO3 was most negative 
in the highest temperature treatment, although not significant in week 4 
(One-Way Trimmed Means Comparisons, F(4,4.01) = 4.37, p > 0.05).

In the light experiment, highest CaCO3 precipitation occurred 
consistently at 25 μmol photons m−2 s−1 (Fig. 3). This difference to other 
light intensities was significant compared to both 0 and 12.5 μmol 
photons m−2 s−1 in week 2 (Tukey-Kramer, p = 0.03, p = 0.050), while 
in week 4 individuals exposed to both 25 and 37.5 μmol photons m−2 s−1 

showed significantly higher calcification rates compared to those in 
darkness (Tukey-Kramer, p = 0.025, p = 0.025).

3.3. PAM-fluorometry

In the temperature experiment, a decline in photosynthetic yield was 
observed over time for the two most extreme temperature treatments 
(15.6 ◦C and 33.1 ◦C) and less strongly at 18.6 ◦C, while it remained 
stable for the control and 30.3 ◦C treatments (Fig. 4A). Comparison 
between temperature treatments revealed the decline in yield to be 
significant in the lowest temperature compared to 24.4 ◦C (p = 0.047, 
Supplementary Material Table S2), and also in the highest temperature 
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compared to 24.4 and 30.3 ◦C (p = 0.001 and p = 0.002, respectively; 
Supplementary Material Table S2). These findings were congruent with 
microscopy images showing visible signs of stress under the two most 
extreme temperature conditions. Stress was indicated by the retraction 
of algal endosymbionts as well as the occurrence of mottling at the end 
of the four-week experimental period (Fig. 4B, Supplementary Material 
Fig. S4). The other three treatments maintained an even yellow/brown 
coloration throughout the experiment.

In the light experiment, short term exposure to 25 and 37 μmol 
photons m−2 s−1 appeared to saturate electron transport rates, regard
less of the light treatment in which individuals were acclimated, while 
12.5 μmol photons m−2 s−1 (as used in the low light treatment) is clearly 
still in the sub-saturating range (Fig. 5, Supplementary Material Fig. S5). 
Regarding the shape of the photosynthesis-irradiance curves, optimal 
light intensity increased with increasing light levels, indicative of light 
acclimatization (Fig. 6; Linear mixed model, Effect of Light intensity: p 

Fig. 2. Change in volume (ΔV) of the calcium carbonate shells per treatment for all individual foraminifera. Colors indicate foraminifera with intact or 
broken shell. The size of the jitter dots refers to three size categories based on shell volume, i.e., small 0.465–0.912 mm3, medium 0.913–1.359 mm3 and large 
1.360–1.806 mm3. One specimen was accidently broken in half during PAM-measurement at week 4 which is the outlier present at 33.1 ◦C (ΔV = −0.26 mm3). While 
jitter dots thus indicate individual foraminifera, values were averaged per vial (as independent replicate) for statistical analysis. Error bars indicate the mean ±
standard deviation. Significant differences between treatments are denoted by a different letter (p < 0.05). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)

Fig. 3. Precipitated CaCO3 per individual in both the temperature and light experiment. Two measurements are missing in light treatment 0 μmol photons m−2 

s−1 in week 2 (n = 3) and one measurement is missing in temperature treatment 30.3 ◦C in week 2 (n = 4). Error bars indicate mean ± standard deviation. Significant 
differences are denoted by different letters (p < 0.05).
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< 0.001, F(4,20) = 19.649). However, the effect of light intensity on the 
initial slope (Linear mixed model, Effect of Light intensity: p = 0.005, F 
(4,20) = 5.112) was restricted to a lower slope in darkness compared to 
all light levels (Supplementary Material Fig. S6). The dark treatment 
further differed from the light treatments, with a significantly higher 
minimum saturation constant compared to the 12.5 and 25 μmol pho
tons m−2 s−1 treatment (p < 0.001 and p = 0.007, respectively). Apart 
from the dark treatment, the minimum saturation constant was lower 
during growth at low light intensity (12 μmol photons m−2 s−1) 
compared to all other light conditions (Supplementary Material Fig. S6
and Table S3).

3.4. Pigment analysis

Chl a concentrations showed an increasing trend from 50 to 12.5 
μmol photons m−2 s−1, but also large variability within treatments and 
no significant differences among them (Fig. 7). Ratios of Violaxanthin: 
Chl a concentrations increased with increasing light intensity and were 

significantly higher in 50 μmol photons m−2 s−1 than in 0 and 12.5 μmol 
photons m−2 s−1 (Tukey-Kramer, p = 0.01). While also diatoxanthin:Chl 
showed an increasing trend with increasing light levels, no significant 
differences were found in diatoxanthin and diadinoxanthin across the 
light treatments. Additional photosynthetic pigments (chlorophyll c3, 
chlorophyll c2, fucoxanthin, B-carotene and pheophytin a) did not show 
differences across the light treatments (Supplementary Material Fig. S7).

4. Discussion

Large benthic foraminifera play an important role in the global 
carbon cycle especially on reef ecosystems (Langer et al., 1997; Langer, 
2008), but are sensitive to ongoing environmental changes caused by 
anthropogenic activities (e.g., Doo et al., 2014). While our results show 
survival of H. depressa at temperatures below their ambient temperature 
(Janse et al., 2008), physiological responses were compromised during 
both heat and cold stress confirming our first hypothesis. Our results 
further confirm relatively low light requirements of H. depressa (Röttger 

Fig. 4. Photosymbiont performance in the temperature experiment. A) Mean effective quantum yield of PSII ± standard deviation is shown for each tem
perature treatment over the course of the experiment. B) Representative microscopy images of an individual from each of the five temperature treatments at week 4 
of the experiment. Patches of mottling were observed in the lowest temperature treatment whereas symbionts are retracted in the highest temperature treatment 
exposing the white calcareous test.

Fig. 5. Rapid light curves of LBF. The values of relative electron transport rate with their standard deviations are shown for each of the nine light levels for light 
curves acquired in week 2 and 4 of the light experiment.

C.M. Duijser et al.                                                                                                                                                                                                                              Estuarine, Coastal and Shelf Science 313 (2025) 109075 

6 



et al., 1980). Finally, we introduce micro-CT scanning of live forami
nifera as a novel approach to quantify growth during experimental in
cubations. Together these results provide insights into the ecological 
adaptability and potential vulnerabilities of H. depressa, while opening 
new possibilities for further characterizing the physiology of 

foraminifera experimentally.

4.1. Methodological considerations

In order to quantify responses of foraminifera to environmental 

Fig. 6. Optimal light intensity derived from the rapid light curves (RLCs) under different growth light intensities. The mean ± standard deviation is shown.

Fig. 7. Foraminiferal pigment content at the end of the experiment. Accessory pigments are expressed as weight-based ratios relative to chlorophyll a. The mean 
± standard deviation is shown. Significant differences are indicated by different letters (p value < 0.05).
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conditions a solid measure of their performance is crucial, however 
there currently is no consensus about how to best measure foraminiferal 
growth. Dämmer et al. (2023) suggest the use of shell-based parameters, 
such as shell volume, shell density and chamber addition, directly to 
estimate calcification in foraminifera rather than using the total alka
linity technique. Existing methodologies allow visualization of newly 
formed chambers via calcein staining (Bernhard et al., 2004), or detailed 
assessment of shell morphology by micro-CT scanning (Prazeres and 
Pandolfi, 2016). Here we introduced micro-CT scanning of live forami
niferal specimens at the start and end of the experiment to track their 
calcification. Their survival and maintenance of a high photosynthetic 
yield suggests that foraminifera underwent the scanning procedure 
without compromising their health and thus being suitable to assess 
impact of temperature and light treatments on shell growth. Further 
refinement of live micro-CT scanning could optimize the resolution of 
the measurement relative to the stress experienced by the specimens and 
might offer additional information, such as the number of added 
chambers over time and changes in shell density to gain more insight 
into foraminiferal growth. While the alkalinity anomaly technique and 
the micro-CT scanning showed similar trends and overall low growth 
rates, the alkalinity anomaly technique resulted in more negative values 
compared to the micro-CT scanning. This discrepancy is likely caused by 
the lower sensitivity of alkalinity measurements and correction for 
changes in nutrient concentration based on assumptions about their 
uptake.

4.2. The thermal niche of H. depressa

This study showed an optimum temperature range between 24.4 ◦C 
and 30.3 ◦C for H. depressa based on photosynthetic activity, which in
dicates a degree of thermal flexibility and adaptability within its habitat. 
However, in terms of growth and calcification 24.4 ◦C appeared more 
favorable than 30.3 ◦C, as this was the only temperature at which pos
itive growth rates were reached. Nevertheless, growth and calcification 
did not differ significantly between these two temperatures, and the 
optimum might lie in between. In any case, outside of this temperature 
range functioning becomes significantly compromised as shown by a 
decrease in growth, calcification, and quantum yield of photosystem II, 
as well as bleaching and/or mottling observed at 15.6 ◦C and 33.1 ◦C. 
While the decline in photosynthetic yield seemed already observable 
within the first week (Fig. 4), we note that the temporal sequence is 
difficult to interpret, as our acclimatization procedure and hence the 
first stress to specimens exposed to extreme temperatures already star
ted prior to the final treatment temperatures being reached. Neverthe
less, the decreased performance at the extreme temperatures is in line 
with our hypothesis that H. depressa is vulnerable to both heat and cold 
stress as their physiological functioning was impaired. This indicates a 
similar temperature optimum of 25 ◦C as observed for shell volume 
growth and calcification in the LBF Sorites orbiculus and Amphistegina 
lobifera (Kinoshita et al., 2021; Titelboim et al., 2021), but a slightly 
narrower thermal niche in our experimental system than could be ex
pected based on the distribution range of H. depressa, which extends into 
waters of 33 ◦C (Langer and Hottinger, 2000). H. depressa generally live 
at the intermediate photic zone, however we do find some specimens at 
5–15 m depth. Specimens occupying shallower depths might suffer more 
strongly from temperature stress (Sannassy Pilly et al., 2024; Gir
aldo-Ospina et al., 2020).

The response of H. depressa to high temperatures with moderate 
performance at 30.3 ◦C but strong decrease in photosynthetic efficiency 
at the highest temperature (33.1 ◦C) agrees with previous research (e.g. 
Schmidt et al., 2011). Negative effects of elevated temperatures 
(31.0 ◦C) on growth rate and photophysiology of H. depressa had been 
observed compared to a 28 ◦C control treatment (Schmidt et al., 2014), 
while bleaching only started to occur at 32 ◦C and 33 ◦C (Schmidt et al., 
2011), and exposure to 34 ◦C was lethal to H. depressa within 96 h of 
exposure (van Dam et al., 2012). This temperature range over which a 

shift from healthy physiological performance to extreme heat-stress and 
bleaching occurs, is in line with the right-skewed shape of thermal 
niches and hence rapid declines in performance with warming beyond 
the thermal optimum (Rezende and Bozinovic, 2019). Due to this steep 
decline in performance, small, individual level differences in the shape 
of the thermal niche can cause relatively large differences in perfor
mance, as observed in the high variability in photosynthetic efficiency at 
the highest temperature treatment. At 33.1 ◦C effective quantum yield 
decreased overall, but standard error increased, thus indicating differ
ences in response to high temperatures between specimens. In contrast, 
the decline in physiological performance towards lower temperatures is 
typically less steep, and despite a decline in photosynthetic efficiency of 
H. depressa’s endosymbionts observed towards the lower end of the 
thermal margin, less variability was observed at 15.6 ◦C. Whether this 
aligns with generally higher survival of H. depressa at low temperatures 
or an even lower minimum temperature at which H. depressa can 
photosynthesize will need to be resolved in future experiments.

In contrast to the maintenance of photosynthetic activity, positive 
rates of growth and calcification were only observed at the optimum 
temperature. Furthermore, a trend of a higher proportion of broken 
shells at the extreme temperatures as well as at 18.6 ◦C suggests a 
heightened fragility of the CaCO3 shell at the edges of the optimal 
temperature range. Dissolution of CaCO3 as detected by the alkalinity 
anomaly technique likely resulted in thinning of the shell, which pro
vides a plausible explanation for the shell fragility observed at all tem
peratures except the control of 24.4 ◦C. All specimens were handled the 
same way throughout the experiment, ruling out handling as a 
contributing factor to the observed breakage patterns. These findings are 
in concordance with a previous study that showed a decrease in shell 
size and density for offshore populations of A. lobifera under elevated 
temperatures (Prazeres and Pandolfi, 2016), while our findings suggest 
the same to occur upon exposure to low temperatures. Although activity 
of the photosynthetic endosymbionts could be maintained over a rela
tively broad temperature range, the thermal range at which individuals 
and populations can grow and thrive is thus much narrower than the 
range that can be survived for a limited duration.

4.3. Light requirements for H. depressa growth and calcification

Growth rates of H. depressa were significantly reduced in darkness 
compared to all light levels tested, consistent with previous findings 
(Röttger et al., 1980) and supporting the light-enhanced calcification 
theory (Chalker and Taylor, 1975). Under these conditions, the light 
utilization efficiency decreased in H. depressa as reflected by higher EK 
values in the dark compared to 12.5 μmol photons m−2 s−1. Since in
vestment into photosynthesis is no longer beneficial under darkness, 
resources might be shunted away from the endosymbiotic algae under 
these conditions. Nevertheless, some individuals still displayed growth 
in darkness, which might be explained by the presence of food in their 
surroundings. In this study, the seawater was supplemented with dried 
algae to mimic in situ conditions, since LBF have access to benthic algae 
in their natural environment (Topping et al., 2006). When exposed to 
dark conditions, LBF can rely more on heterotrophy (Lintner et al., 
2023), which might have facilitated survival of H. depressa even in the 
absence of light.

While H. depressa can be found across a wide depth range with 
varying light intensities, it has a preference for low-light conditions 
(Hohenegger, 2000; Hohenegger et al., 2000; Nobes et al., 2008; 
Renema, 2018). The optimum light intensities of H. depressa based on 
rapid light curves (21–43 μmol photons m−2 s−1) aligned well with those 
for rates of growth and calcification (25 and 37.5 μmol photons m−2 

s−1). While Nobes et al. (2008) showed higher growth rates and 
photosynthetic efficiency in foraminifera exposed to a natural daylight 
regime with an average of 30 μmol photons m−2 s−1 during the daylight 
hours compared to those exposed to an average of 113 and 418 μmol 
photons m−2 s−1, the finer resolution of relatively low light intensities 
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assessed here allows us to determine a light optimum for growth be
tween 20 and 40 μmol photons m−2 s−1. This confirms our hypothesis 
that H. depressa has a low light optimum. While still able to survive 
relatively well in 50 μmol photons m−2 s−1 as reflected in robust growth 
and absence of bleaching, growth seemed to saturate or even slightly 
decline at this irradiance. The light optimum observed here is lower than 
observed in rapid light response curves for this species before (Nobes 
et al., 2008; Ziegler and Uthicke, 2011). This could be evidence that 
H. depressa is acclimatized to conditions at sample locations (Lee et al., 
1989). At the collection depth in Burgers’ Zoo, light levels ranged be
tween 60 and 150 μmol photons m−2 s−1 at the rubble-water surface. 
However, specimens likely received less light due to their tendency to 
move towards cryptic microhabitats (Prazeres et al., 2016; Renema, 
2018).

Photoacclimation was also observed over the course of the experi
ment, with rapid light curves showing an increase in the light optimum 
with growth under higher light intensities and the lowest half saturation 
being achieved during growth at the lowest light intensity. At the 
highest light intensity (50 μmol photons m−2 s−1) the saturation of 
growth and photosynthesis coincided with first signs of photoprotection 
as seen in relatively higher violaxanthin concentrations and increasing 
trends in diadinoxanthin and diatoxanthin concentrations. The latter 
two constitute the xanthophyll cycle in diatoms that underlies their 
capability to adjust to rapid fluctuations in light intensity by dissipating 
excess light energy as heat via non-photochemical quenching (Lohr and 
Wilhelm, 1999; Blommaert et al., 2021). The role of violaxanthin in 
photoprotection is less clear in diatoms, although accumulation of 
violaxanthin-cycle pigments has been observed in diatoms under pro
longed light stress, including evidence for xanthophyll cycle activity 
(Lohr and Wilhelm, 1999; Kuczynska et al., 2020). These photo
acclimation strategies highlight the photosynthetic plasticity of the algal 
endosymbionts and likely act in concert with strategies employed by the 
host. LBF can for instance move in response to the light microenviron
ment (Petrou et al., 2017; Renema, 2018), and while this possibility was 
limited in our experiments some movement away from the light source 
was observed in the treatment with highest light intensity. Furthermore, 
adjustment of test thickness has been suggested to modulate light cap
ture (Oron et al., 2018; Renema, 2018). Whether the lower rates of 
calcification observed in H. depressa under low light intensities simply 
represent the less favorable growth conditions, or also contribute to 
optimizing light capture cannot be resolved. In any case our results 
suggest that thinning of chambers results in a trade-off, because it in
creases the sensitivity to breakage, as reflected by the high number of 
broken individuals and the negative volume changes observed during 
growth in darkness. Overall, it is thus the close interplay between host 
and endosymbiont physiology and behavior that shapes the photo
acclimation in LBF.

4.4. Interactive effects of multiple stressors on LBF physiology

Future climate conditions will result in multiple environmental fac
tors changing in concert and the interactive effects of these are difficult 
to predict. Although not addressed directly in our experiments, such 
interactive effects might still influence experimental results, as re
sponses to experimental manipulations will depend on the level of other 
environmental factors. For instance our light experiment revealed that 
the temperature experiment had been performed at a sub-optimal light 
level, potentially explaining the relatively low growth rates as well as 
the high level of shell breakage. Additionally, the relatively low pH of 
the aquarium water (pH 7.9) used for the experiments might further 
have contributed to these results. Heterostegina depressa thrives in the 
aquaria with low pH from which both specimens and water were 
collected. However, low pH can cause reduced calcification rates and 
thinner or lower density shells, i.e more fragile shells in symbiotic 
foraminifera (Prazeres et al., 2015). This may have been compensated 
for by the higher rates of calcification in the treatments with less 

breakage. In hindsight the addition of dried algae as food might also 
have supported bacterial growth and respiration leading to a further 
decrease in pH and negative impacts on calcification. However, many 
unknowns remain about the interactive effects of carbonate chemistry 
and food availability, with the primary factors temperature and light 
assessed in our experiments.

LBF are projected to experience both larger fluctuations in light 
levels as well as elevations in sea surface temperatures, resulting in a 
shift in their species distribution towards cooler subtropical regions 
(Titelboim et al., 2021). But due to temperature sensitivity, cold stress 
could be a limiting factor to range expansion of tropical LBF (Langer and 
Hottinger, 2000; Vergés et al., 2014). Hence, broad thermal tolerance is 
crucial for species to thrive after migration to mid-latitudes. Our results 
suggest that H. depressa survival might be compromised following a shift 
in species distribution. Winter temperatures at mid-latitude habitats in 
the Mediterranean can reach to 9.7–17.7 ◦C depending on the region 
(Shaltout and Omstedt, 2014), the upper range of which H. depressa can 
survive based on our experiments. H. depressa has already invaded the 
south-eastern Mediterranean through the Suez Canal, which forms a 
suitable habitat due to its high winter temperatures, high salinity and 
oligotrophic environment (Langer and Hottinger, 2000; Stulpinaite 
et al., 2020). However, LBF performance in a new habitat will depend on 
interactive effects of many abiotic factors as well as biotic interactions 
within the community, making predictions based on single-factor ex
periments as performed here very challenging. The temperature niche of 
H. depressa might thus be broader for growth at optimum light and pH, 
while also the optima themselves might shift with changes in other 
environmental factors. For instance, organisms living in turbid ecosys
tems, where light intensities are generally lower, can show tolerance to 
higher water temperatures and therefore resist bleaching to a certain 
degree (Rosedy et al., 2023). Future comparative studies that target the 
interactive effects of temperature and light with other environmental 
variables will be of utmost relevance as results may show different 
physiological responses and eventual tolerance to more extreme 
environments.
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