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ABSTRACT 13 

Nutrient stress acts as a multiscalar and context-dependent driver of coral reef decline primarily 14 

driven by anthropogenic interference. Decades of physiological and ecological studies have 15 

established that nutrient stress elicits physiological responses from corals, but reveal species-16 

specific variability dependent on nutrient identity, concentration, and stoichiometry, as well as 17 

intricate interactions with other stressors like climate change. Due to this complexity, a deeper 18 

mechanistic understanding of nutrient stress is necessary, with molecular biology research at 19 

the forefront of building conceptual models. This review synthesizes the current understanding 20 

of nutrient stress effects, bridging classical physiological observations with insights from omics 21 

research. We review how molecular approaches—spanning genetics, epigenetics, 22 

transcriptomics, and other omics (such as proteomics and lipidomics)—have been used to 23 

elucidate the underlying processes driving nutrient stress response in corals. We find that 24 

molecular evidence provides empirical support for the two prevailing models: the Phosphate 25 

Starvation Model (PSM) and the Greedy Symbiont Model (GSM), as well as novel mechanisms 26 

outside the scope of the two established models. However, molecular studies still remain 27 

underutilized, unevenly distributed across omic fields, and often lack correlation with 28 

physiological outcomes. Thus, we highlight the need for hypothesis-driven research which 29 

combines ecologically relevant nutrient conditions with multi-omic approaches and phenotypic 30 

responses across the coral holobiont. Calculated and intentional studies are required to 31 

understand the complexity of nutrient stress responses in order to further frameworks for coral 32 

resilience and inform conservation efforts in an increasingly eutrophied ocean already subject to 33 

a multitude of concurrent stressors. 34 
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1. The Complex Interplay Between Nutrients and Coral Health 35 

 36 

1.1. Nutrient cycles and anthropogenic driven shifts 37 

Natural nutrient cycling in the ocean functions as a series of sinks, sources, and internal 38 

recycling (Fig. 1a). Across the world's oceans, the two most common limiting factors to primary 39 

productivity are access to sunlight and nutrients–primarily nitrogen, phosphorus, iron, and silica 40 

(Bristow et al., 2017). Tropical and subtropical coastal waters, however, are primarily limited by 41 

nutrients due to existing in the euphotic zone (the depth to which sunlight can penetrate) in 42 

regions with plentiful sunlight (Lønborg et al., 2021). Because of this, nutrients are quickly 43 

removed from the water column by biological elements, resulting in ecosystems in tropical 44 

coastal waters being typically oligotrophic ecosystems. Currently, coastal waters globally are 45 

experiencing twice as much eutrophication as oligotrophication (Maúre et al., 2021) –a trend 46 

that is of particular concern to ecosystems constrained to tropical and subtropical waters such 47 

as warm-water coral reefs (Guan et al., 2015).  48 

https://paperpile.com/c/UDnupi/Kv7Wk
https://paperpile.com/c/UDnupi/0844Z
https://paperpile.com/c/UDnupi/c3iED
https://paperpile.com/c/UDnupi/JwDt8
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 49 

Figure 1. a) Generalized representation of the natural nutrient cycle in the ocean. Sinks include sedimentation, gas 50 

exchange into the atmosphere and denitrification, and uptake of nutrients by organisms, while sources come from 51 

river outputs, terrestrial runoff, groundwater, rain deposition, gas exchange from the atmosphere and nitrification, dust 52 

deposition, organismal excretions, reabsorption from sediment, and decomposition of decaying organic matter 53 

(Bristow et al., 2017; Chen & Nihoul, 2009). b) The nutrient cycle in the ocean when impacted by anthropogenic 54 

sources. New sources include fossil fuel combustion augmenting atmospheric deposition (Vitousek et al., 1997), 55 

sewage output (Chen & Nihoul, 2009), and activities which increase runoff and riverine outputs such as fertilizer use 56 

for crops (Matson et al., 1997; Vitousek et al., 1997), land clearing (Beaulac & Reckhow, 1982; Vitousek et al., 1997), 57 

and unpaved roads (Ramos-Scharrón & LaFevor, 2016; Ziegler & Giambelluca, 1997). 58 

https://paperpile.com/c/UDnupi/Rp6nn+Kv7Wk
https://paperpile.com/c/UDnupi/wOpZu
https://paperpile.com/c/UDnupi/Rp6nn
https://paperpile.com/c/UDnupi/xoQfI+wOpZu
https://paperpile.com/c/UDnupi/gzgZr+wOpZu
https://paperpile.com/c/UDnupi/5sgfG+YlfLl
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 59 

Coral reefs provide critical services for humans globally, including food, protection, economic 60 

benefits and local job opportunities, and cultural enrichment. It is becoming increasingly 61 

important to understand the anthropological impacts on coral reefs in the modern world where 62 

human civilization is ever expanding (Hughes et al., 2017). Human activities have long been 63 

disrupting the global nutrient cycles by augmenting natural nutrient sources through different 64 

sources (Fig. 1b). When combined with rainfall (Beaulac & Reckhow, 1982) these disruptions 65 

lead to runoff into coastal waters, enriching them with nutrients. This can have serious 66 

consequences, particularly in generally oligotrophic ecosystems such as coral reefs (Fabricius, 67 

2005), and can facilitate shifts on reef ecosystems from being dominated by corals to becoming 68 

macroalgae dominated (Lesser, 2021). 69 

 70 

1.2. Coral physiological responses to nutrient stress 71 

Exposure to eutrophic conditions leads to various physiological and community-level responses 72 

in corals (Tables 1 and 2, Figure 2). Accordingly, eutrophication is negatively correlated with 73 

coral species diversity and cover (Duprey et al., 2016). While responses are complex and study-74 

dependent, general trends exist: elevated nutrient concentrations tend to increase disease, 75 

symbiont density, bleaching, chlorophyll-a content, respiration, and mortality; while often 76 

decreasing growth and skeleton density. Some metrics, like photosynthesis, calcification, and 77 

photosynthetic efficiency show mixed results (Fig. 2). In addition, trade-offs have been also 78 

reported, where increased calcification rates lead to lower skeleton densities, making corals 79 

more fragile (Shantz & Burkepile, 2014). This complexity is driven by variations in nutrient type, 80 

concentration, combination, source, and state, as well as the coral species affected. 81 

 82 

https://paperpile.com/c/UDnupi/yHmYb
https://paperpile.com/c/UDnupi/gzgZr
https://paperpile.com/c/UDnupi/whMmP
https://paperpile.com/c/UDnupi/whMmP
https://paperpile.com/c/UDnupi/nILE1
https://paperpile.com/c/UDnupi/2S13T
https://paperpile.com/c/UDnupi/ZwPOw


 

6 

 83 

Figure 2. Summary of the results of the studies included in Table 1 which used elevated nutrient treatments or 84 

studied eutrophied conditions. The various metrics measured by the studies are on the x-axis and the number of 85 

studies that reported those results is on the y-axis. Chl a is the total concentration of Chlorophyll a and Fv/Fm is the 86 

maximum photosynthetic efficiency.  87 

 88 

Table 1: Summary of studies reporting changes in coral physiology under various nutrient and secondary stressor 89 

conditions with the top number of parameter measurements represented. Note that multiple distinct results may be 90 

derived from a single study. The complete dataset encompassing all extracted data is provided in Supplementary 91 

Table S1. A solid row separation indicates a new study; a dashed separation indicates a different treatment, group, or 92 

species within the same study. Treatment/Condition is denoted as a combination of nitrogen condition - high or low 93 

(HN and LN, respectively) - phosphorus condition - high or low (HP and LP, respectively) and any additional 94 

stressors. Treatment/Condition is not differentiated between forms of each nutrient, such as nitrate and ammonia for 95 

nitrogen. Changes in physiological parameters were reported as an increase (+), decrease (-), or no difference (=) 96 

when compared to the studies controls or ambient conditions, with a star indicating that result was reported to be 97 

significant by that study. Percent changes were shown for studies that included them, as well as studies which did not 98 

include them but provided the information required to calculate them. Reported results are either relative to controls, 99 

low nutrient treatments, or temporal environmental differences depending on the study’s experimental design. Exact 100 

nutrient ranges and forms reported by each study can be found in Supplementary Table S3, if reported by said study. 101 

Treatment/ 
Condition 

Type Time frame Species Bleaching Mortality Disease Growth Calcification Skeleton 
Density 

Paper 

HN Tank 3 months Montipora 
tuberculosa 

= =  =   Fabricius et 
al., 2013 

HN Field 14 months Acropora 
longicyathus 

 =  -* +* = Koop et al., 
2001 

HN Field 14 months Pocillopora 
damicornis 

 +*   -*   

HN Field 14 months Acropora 
palifera 

   = -*   

HN Field 14 months Stylophora 
pstillata 

   -* =   

https://paperpile.com/c/UDnupi/SWFrD
https://paperpile.com/c/UDnupi/SWFrD
https://paperpile.com/c/UDnupi/y3iMh
https://paperpile.com/c/UDnupi/y3iMh
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HN Field 30 years General 
Caribbean 

species 

 + 404% +    Lapointe et 
al., 2019 

HN Tank 3 months Acropora 
cervicornis 

 +  -*   Renegar & 
Riegl, 2005 

HN Meta 
Analysis 

N/A General 
coral species 

   -* 11% -* = Shantz & 
Burkepile, 

2014 
HN + Elevated 

CO2 
Tank 3 months Acropora 

cervicornis 
 +  -   Renegar & 

Riegl, 2005 
HN + Organic 
Enrichment 

Tank 3 months Acropora 
millepora 

 =  =   Fabricius et 
al., 2013 

HN + Organic 
Enrichment 

Tank 3 months Montipora 
tuberculosa 

 =  =    

HN + Organic 
Enrichment + 

Thermal Stress 

Tank 3 months Acropora 
millepora 

 =  =    

HN + Organic 
Enrichment + 

Thermal Stress 

Tank 3 months Montipora 
tuberculosa 

 =  =    

HN + Thermal 
Stress 

Field 10 weeks Pocillopora 
spp. 

+* +*     Burkepile et 
al., 2020 

HN + Thermal 
Stress 

Tank 4 weeks + 10 
days thermal 

Stylophora 
pistillata 

-*    +*  Ezzat et al., 
2019 

HN + Thermal 
Stress 

Tank 3 months Montipora 
tuberculosa 

 +*  =   Fabricius et 
al., 2013 

HN + Thermal 
Stress 

Field 6 months Agaricia spp. + +     Wang et al., 
2018 

HNHP Field 14 months Acropora 
longicyathus 

 =  -* =  Koop et al., 
2001 

HNHP Tank 30 days Montastrea 
annularis 

+ =     Kuntz et al., 
2005 

HNHP Tank 3 months Acropora 
cervicornis 

 +  61% -*   Renegar & 
Riegl, 2005 

HNHP Meta 
Analysis 

N/A General 
coral species 

   -* = 10% - Shantz & 
Burkepile, 

2014 
HNHP Field 3 months Acropora 

cervicornis 
 -*  -   Shaver et al., 

2017 
HNHP Field 3 years General 

Caribbean 
corals 

 = 200% +*    R. L. Vega 
Thurber et al., 

2014 
HNHP + 

Elevated CO2 
Tank 3 months Acropora 

cervicornis 
 +  -*   Renegar & 

Riegl, 2005 
HNHP + 

Predation 
Field 3 months Acropora 

cervicornis 
 =  =   Shaver et al., 

2017 
HNHP + 

Thermal Stress 
Field 6 months Agaricia spp. + =     Wang et al., 

2018 
HNLP Tank 10 weeks Acropora 

polystoma 
+   =   Buckingham 

et al., 2022 
HNLP + Light 

Stress 
Tank 5 weeks + 

light 
exposure 

Montipora 
foliosa 

+ +     Wiedenmann 
et al., 2013 

HP Field 14 months Acropora 
longicyathus 

 =  -* +* -* Koop et al., 
2001 

HP Field 14 months Pocillopora 
damicornis 

 +*   -*   

HP Field 14 months Acropora 
palifera 

   -* +*   

HP Field 14 months Stylophora 
pstillata 

   = -*   

HP Tank 3 months Acropora 
cervicornis 

 +  -*   Renegar & 
Riegl, 2005 

HP Meta 
Analysis 

N/A General 
coral species 

   + 9% +* 9% - Shantz & 
Burkepile, 

2014 
HP + Elevated 

CO2 
Tank 3 months Acropora 

cervicornis 
 +  -   Renegar & 

Riegl, 2005 
HP + Thermal 

Stress 
Field 6 months Agaricia spp. + =     Koop et al., 

2001 
HNHP + 
Disease 

Field 3 months Montastrea 
annularis & 
Montastrea 
franksii 

 +* +*    Bruno et al., 
2003 

HNHP Field 3 years General 
Florida Keys 
species 

 +* +    Zaneveld et 
al., 2016 

HN + Predation Field 3 years Porites spp.  +* +*     

 102 

https://paperpile.com/c/UDnupi/lMXoW
https://paperpile.com/c/UDnupi/lMXoW
https://paperpile.com/c/UDnupi/cXuEC
https://paperpile.com/c/UDnupi/cXuEC
https://paperpile.com/c/UDnupi/ZwPOw
https://paperpile.com/c/UDnupi/ZwPOw
https://paperpile.com/c/UDnupi/ZwPOw
https://paperpile.com/c/UDnupi/cXuEC
https://paperpile.com/c/UDnupi/cXuEC
https://paperpile.com/c/UDnupi/SWFrD
https://paperpile.com/c/UDnupi/SWFrD
https://paperpile.com/c/UDnupi/t9iwZ
https://paperpile.com/c/UDnupi/t9iwZ
https://paperpile.com/c/UDnupi/LFPaV
https://paperpile.com/c/UDnupi/LFPaV
https://paperpile.com/c/UDnupi/SWFrD
https://paperpile.com/c/UDnupi/SWFrD
https://paperpile.com/c/UDnupi/DC1Js
https://paperpile.com/c/UDnupi/DC1Js
https://paperpile.com/c/UDnupi/y3iMh
https://paperpile.com/c/UDnupi/y3iMh
https://paperpile.com/c/UDnupi/kE2XD
https://paperpile.com/c/UDnupi/kE2XD
https://paperpile.com/c/UDnupi/cXuEC
https://paperpile.com/c/UDnupi/cXuEC
https://paperpile.com/c/UDnupi/ZwPOw
https://paperpile.com/c/UDnupi/ZwPOw
https://paperpile.com/c/UDnupi/ZwPOw
https://paperpile.com/c/UDnupi/CtaO5
https://paperpile.com/c/UDnupi/CtaO5
https://paperpile.com/c/UDnupi/nnu8Q
https://paperpile.com/c/UDnupi/nnu8Q
https://paperpile.com/c/UDnupi/nnu8Q
https://paperpile.com/c/UDnupi/cXuEC
https://paperpile.com/c/UDnupi/cXuEC
https://paperpile.com/c/UDnupi/CtaO5
https://paperpile.com/c/UDnupi/CtaO5
https://paperpile.com/c/UDnupi/DC1Js
https://paperpile.com/c/UDnupi/DC1Js
https://paperpile.com/c/UDnupi/qVNr9
https://paperpile.com/c/UDnupi/qVNr9
https://paperpile.com/c/UDnupi/Xhju
https://paperpile.com/c/UDnupi/Xhju
https://paperpile.com/c/UDnupi/y3iMh
https://paperpile.com/c/UDnupi/y3iMh
https://paperpile.com/c/UDnupi/cXuEC
https://paperpile.com/c/UDnupi/cXuEC
https://paperpile.com/c/UDnupi/ZwPOw
https://paperpile.com/c/UDnupi/ZwPOw
https://paperpile.com/c/UDnupi/ZwPOw
https://paperpile.com/c/UDnupi/cXuEC
https://paperpile.com/c/UDnupi/cXuEC
https://paperpile.com/c/UDnupi/y3iMh
https://paperpile.com/c/UDnupi/y3iMh
https://paperpile.com/c/UDnupi/iFHFb
https://paperpile.com/c/UDnupi/iFHFb
https://paperpile.com/c/UDnupi/QEThq
https://paperpile.com/c/UDnupi/QEThq
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Table 2: Summary of the reported results for changes to coral physiology under various nutrient and secondary 103 

stressor conditions with the top number of parameter measurements represented. Note that multiple distinct results 104 

may be derived from a single study. The complete dataset encompassing all extracted data is provided in 105 

Supplementary Table S2. Chl a is the total concentration of Chlorophyll a, Rd is the dark respiration rate, Pmax is the 106 

maximum photosynthetic rate, and Fv/Fm is the maximum photosynthetic efficiency. Solid row separation indicates a 107 

new study; dashed separation indicates a different treatment, group, or species within the same study. 108 

Treatment/Condition is denoted as a combination of nitrogen condition - high or low (HN and LN respectively) - 109 

phosphorus condition - high or low (HP and LP respectively) and any additional stressors. Treatment/Condition is not 110 

differentiated between forms of each nutrient, such as nitrate and ammonia for nitrogen. Changes in physiological 111 

parameters were reported as an increase (+), decrease (-), or no difference (=) when compared to the studies 112 

controls or ambient conditions, with a star indicating that result was reported to be significant. Percent changes were 113 

shown for studies that included them, as well as studies which did not include them but provided the information 114 

required to calculate them. Exact nutrient ranges and forms reported by each study can be found in Supplementary 115 

Table S3, if reported by said study. 116 

Treatment/ 
Condition 

Type Time frame Species Rd Chl a Symbiont 
Density 

Pmax Fv/Fm Paper 

HN Tank 1 month Turbinaria 
reniformis 

= +/+* -* =  Béraud et al., 2013 

HN Tank 9 weeks Pocillopra 
damicornis 

= + = +  Courtial et al., 2018 

HN Tank 3 weeks Stylophora 
pistillata 

+*  =   Fernandes de Barros 
Marangoni et al., 2020 

HN Field 14 months Stylophora 
pstillata 

= +* +* =  Koop et al., 2001 

HN Tank 12 days Porites 
cylindrica 

= = = -*  Nordemar et al., 2003 

HN Tank 3 days Acropora 
aspera 

 = =  + Rosic et al., 2014 

HN Meta 
Analysis 

N/A General coral 
species 

 +* + +  Shantz & Burkepile, 
2014 

HN + Thermal Stress Tank 1 week Turbinaria 
reniformis 

= +*  +*  Béraud et al., 2013 

HN + Thermal Stress Tank 9 weeks Pocillopra 
damicornis 

+ + = +  Courtial et al., 2018 

HN + Thermal Stress Tank 17 days Turbinaria 
reniformis 

-* 280% +*  -*  Ezzat et al., 2016 

HN + Thermal Stress Tank 4 weeks + 10 days 
thermal 

Stylophora 
pistillata 

 -* -* -*  Ezzat et al., 2019 

HN +  
Thermal Stress 

Tank 3 weeks Stylophora 
pistillata 

=  =   Fernandes de Barros 
Marangoni et al., 2020 

HN + Thermal Stress Tank 2 days Porites 
cylindrica 

= = = -*  Nordemar et al., 2003 

HNHP Field 15 months Pocillopora 
spp. 

12% + = 54% +* 29% +*  D. M. Becker et al., 
2021 

HNHP Tank 6 weeks Stylophora 
pistillata 

+* +* +* -*  Ezzat et al., 2015 

HNHP Tank 36 days Porites 
compressa 

= + +* = +* Fox et al., 2021 

HNHP Tank 36 days Pocillopora 
acuta 

= + +* +* +*  

HNLP Tank 6 weeks Stylophora 
pistillata 

-* +* +* -*  Ezzat et al., 2015 

HNLP Tank 6 weeks Stylophora 
pistillata 

 +* +* =   

HNLP + Light Tank 5 weeks + 3 weeks 
light exposure 

Euphyllia 
paradivisa 

 - -  - Wiedenmann et al., 
2013 

HP Field 14 months Stylophora 
pistillata 

+ = +* +  Koop et al., 2001 

HP Meta 
Analysis 

N/A General coral 
species 

 = = =  Shantz & Burkepile, 
2014 

https://paperpile.com/c/UDnupi/7QfZl
https://paperpile.com/c/UDnupi/oc7KI
https://paperpile.com/c/UDnupi/q6hvG
https://paperpile.com/c/UDnupi/q6hvG
https://paperpile.com/c/UDnupi/y3iMh
https://paperpile.com/c/UDnupi/s04B2
https://paperpile.com/c/UDnupi/mB7la
https://paperpile.com/c/UDnupi/ZwPOw
https://paperpile.com/c/UDnupi/ZwPOw
https://paperpile.com/c/UDnupi/7QfZl
https://paperpile.com/c/UDnupi/oc7KI
https://paperpile.com/c/UDnupi/NQR9g
https://paperpile.com/c/UDnupi/LFPaV
https://paperpile.com/c/UDnupi/q6hvG
https://paperpile.com/c/UDnupi/q6hvG
https://paperpile.com/c/UDnupi/s04B2
https://paperpile.com/c/UDnupi/lWICg
https://paperpile.com/c/UDnupi/lWICg
https://paperpile.com/c/UDnupi/P0Ml
https://paperpile.com/c/UDnupi/OoeFQ
https://paperpile.com/c/UDnupi/P0Ml
https://paperpile.com/c/UDnupi/Xhju
https://paperpile.com/c/UDnupi/Xhju
https://paperpile.com/c/UDnupi/y3iMh
https://paperpile.com/c/UDnupi/ZwPOw
https://paperpile.com/c/UDnupi/ZwPOw
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LN Field 16 months Pocillopora 
damicornis 

 = = = = Koop et al., 2001 

LN Field 16 months Acropora 
longicyathus 

 =  = =  

LN Field 16 months Acropora 
palifera 

 =  = =  

LN Field 16 months Stylophora 
pstillata 

 =  = =  

LNLP Field 16 months Pocillopora 
damicornis 

 = = = =  

LNLP Field 16 months Acropora 
longicyathus 

 =  = =  

LNLP Field 16 months Acropora 
palifera 

 =  = =  

LNLP Field 16 months Stylophora 
pstillata 

 =  = =  

LP Field 16 months Pocillopora 
damicornis 

 = = = =  

LP Field 16 months Acropora 
longicyathus 

 =  = =  

LP Field 16 months Acropora 
palifera 

 =  = =  

LP Field 16 months Stylophora 
pstillata 

 =  = =  

 117 

 118 

The effects of nitrogen alone range from positive impacts on some symbiotic metrics such as 119 

photosynthetic efficiency or photosynthesis rate (Courtial et al., 2018; Ezzat et al., 2015; Koop 120 

et al., 2001)(Table 2) to non-significant impacts on others, such as chlorophyll-a content or 121 

symbiont density (Ezzat et al., 2019; Fabricius et al., 2013)(Tables 1 and 2), to detrimental 122 

effects on health and survival (Koop et al., 2001; Lapointe et al., 2019; Voss & Richardson, 123 

2006)(Table 1). Phosphorus alone has been shown in a meta-study to have little effect on coral 124 

symbionts or photosynthesis, but may enhance growth and calcification at the expense of 125 

skeleton density (Shantz & Burkepile, 2014). While extreme concentrations can cause mortality 126 

(Koop et al., 2001; Renegar & Riegl, 2005), low to high levels often have minimal impact (Koop 127 

et al., 2001; Rosset et al., 2017). When both nitrogen and phosphorus are present in high 128 

concentrations, photosynthetic metrics may improve (Ezzat et al., 2015; Koop et al., 2001; 129 

Stambler et al., 1991), but this combination can increase the risk of bleaching, mortality, and 130 

disease (Ferrier-Pagès et al., 2000; Koop et al., 2001; Kuntz et al., 2005; Renegar & Riegl, 131 

2005; Shantz & Burkepile, 2014; Shaver et al., 2017; R. L. Vega Thurber et al., 2014; Zaneveld 132 

et al., 2016) and disrupt symbiosis (Ezzat et al., 2015). 133 

 134 

https://paperpile.com/c/UDnupi/y3iMh
https://paperpile.com/c/UDnupi/y3iMh+P0Ml+oc7KI
https://paperpile.com/c/UDnupi/y3iMh+P0Ml+oc7KI
https://paperpile.com/c/UDnupi/SWFrD+LFPaV
https://paperpile.com/c/UDnupi/y3iMh+xvicC+lMXoW
https://paperpile.com/c/UDnupi/y3iMh+xvicC+lMXoW
https://paperpile.com/c/UDnupi/ZwPOw
https://paperpile.com/c/UDnupi/y3iMh+cXuEC
https://paperpile.com/c/UDnupi/y3iMh+f6xlP
https://paperpile.com/c/UDnupi/y3iMh+f6xlP
https://paperpile.com/c/UDnupi/BVQ8G+y3iMh+P0Ml
https://paperpile.com/c/UDnupi/BVQ8G+y3iMh+P0Ml
https://paperpile.com/c/UDnupi/Px6tb+y3iMh+cXuEC+ZwPOw+QEThq+CtaO5+nnu8Q+kE2XD
https://paperpile.com/c/UDnupi/Px6tb+y3iMh+cXuEC+ZwPOw+QEThq+CtaO5+nnu8Q+kE2XD
https://paperpile.com/c/UDnupi/Px6tb+y3iMh+cXuEC+ZwPOw+QEThq+CtaO5+nnu8Q+kE2XD
https://paperpile.com/c/UDnupi/P0Ml
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The source of nitrogen (urea, ammonium, or nitrate) also affects corals differently. For instance, 135 

urea from reef fish excretion appears to have little effect on coral bleaching or mortality 136 

(Burkepile et al., 2020), while ammonium sourced naturally (atmospheric deposition, upwelling, 137 

reef fish) or anthropogenically (fertilizer), is often beneficial, improving photosynthesis and 138 

growth metrics (Fernandes de Barros Marangoni et al., 2020; Holbrook et al., 2008). Nitrate, 139 

derived naturally (upwelling, nitrification) or anthropogenically (fertilizer runoff), is generally 140 

detrimental to symbiosis and can increase oxidative stress compared to ammonium (Ezzat et 141 

al., 2015; Fernandes de Barros Marangoni et al., 2020). The positive effect of ammonium likely 142 

stems from nitrate processing being more complex, harder to catalyze, and less energy-efficient 143 

(Ezzat et al., 2015; Raven et al., 1992). 144 

 145 

Nutrient stress effects are also species-dependent. For instance, Porites spp. corals were seen 146 

to be more resilient to elevated nitrate and urea than Acropora and Pocillopora spp. (Burkepile 147 

et al., 2020). In one study of five species, Pocillopora damicornis was the only one with 148 

significant mortality under high nutrient conditions, with high variation in physiological responses 149 

across species (Koop et al., 2001). In situ experiments have shown species-specific differences 150 

in response to high nutrients: Agaricia spp. bleached more than controls, while Siderastrea 151 

siderea colonies showed increased disease prevalence (R. L. Vega Thurber et al., 2014). 152 

Another in situ study during a thermal event also found Agaricia spp. more prone to bleaching 153 

and death, while S. siderea was more likely to exhibit disease (Wang et al., 2018). 154 

 155 

1.3. Nutrient interactions with other stressors 156 

Nutrient stress has been shown to interact differently with thermal stress depending on the 157 

concentration and nitrogen:phosphorus (N:P) ratios. Larger spatial scale studies suggest that 158 

nutrient pollution has been linked to increased coral mortality and disease susceptibility during 159 

heat stress (Zaneveld et al., 2016), while increasing the corals susceptibility to bleaching during 160 
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heating events (Donovan et al., 2020; Wooldridge et al., 2017). In a study considering gradients 161 

of both nutrient and sedimentation loading (two processes that are often inextricable in field 162 

research), corals exposed to higher levels of loading had significantly lower thermal optimums 163 

for dark respiration rates and significantly lower maximal rates of gross photosynthesis–two 164 

metabolic parameters associated with thermal performance (D. M. Becker & Silbiger, 2020). 165 

The concentrations and ratios of nitrogen and phosphorus can also modulate the effects of this 166 

combination of stressors, as has been shown in a variety of manipulation studies.  167 

 168 

One of these manipulation studies found that low levels of nitrogen and phosphorus may 169 

increase coral performance under thermal stress (D. M. Becker et al., 2021). High levels of 170 

nitrogen or nitrogen and phosphorus in combination can increase mortality and reduce 171 

bleaching recovery post-thermal events, though phosphorus alone has little effect (Wang et al., 172 

2018). Elevated levels of nitrogen by itself during thermal stress can be detrimental to coral 173 

photosynthesis and calcification (Ezzat et al., 2016), but enrichment of both nitrogen and 174 

phosphorus can alleviate the effects of thermal stress on coral metabolism and calcification 175 

(Ezzat et al., 2016). When corals were exposed to elevated nitrate, thermal stress, and organic 176 

enrichment, they had significantly lower survival (Fabricius et al., 2013). The state of nitrogen 177 

will also change the interaction of these two stressors; nitrate exacerbates coral’s inflammatory 178 

response to heat stress resulting in bleaching, while ammonium is beneficial under the same 179 

conditions (Zhang et al., 2023).  180 

 181 

1.4. Mechanisms of nutrient stress in corals 182 

There are two prevailing models for the mechanisms underlying nutrient stress’s effect on coral 183 

physiology. The first, the Phosphate Starvation Model (PSM), was first outlined by Wiedenmann 184 

et al. (2013). In this model, corals in natural oligotrophic conditions are nitrogen limited 185 

(Dagenais-Bellefeuille & Morse, 2013), and their symbiont’s thylakoid membranes are largely 186 
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composed of phospholipids. Under these conditions, an increase in environmental nitrogen 187 

levels (without an increase in phosphorus), will shift the limiting resource to phosphorus, 188 

causing the phospholipids in the thylakoid membranes to be replaced by sulfolipids, resulting in 189 

less efficient photosynthesis (Fig. 3). With a compromised photosynthetic apparatus, reactive 190 

oxygen species (ROSs) are produced and transferred back to the coral host, straining and 191 

destabilizing the symbiotic relationship. On the other hand, a balanced increase in both nutrients 192 

will drive an increase in symbiont cell division rates, without the substitution of phospholipids 193 

with sulfolipids, thus resulting in less destabilization (D’Angelo & Wiedenmann, 2014). 194 

 195 

 196 

Figure 3. Diagram summarizing major molecular and physiological evidence supporting the Phosphate Starvation 197 

Model (PSM) and the Greedy Symbiont Model (GSM) In the case of PSM model, during imbalanced nutrient 198 

conditions where nitrogen is elevated relative to phosphorus, phosphate starvation causes phospholipids to be 199 

replaced with sulpholipids in the thylakoid membranes of Symbiodineaceae during increased alkaline phosphatase 200 

(ALP) activity. During imbalanced conditions with heat stress, gamma-H2A.X histones are dephosphorylated during 201 

increased ALP activity. In the case of the GSM Model, when both nutrients are elevated, the internal symbionts 202 

accumulate nutrients for population growth, instead of returning photosynthates to the coral host. This is reflected in 203 

the coral holobiont methylome where there is increased methylation of genes for nutrient metabolism, symbiotic 204 
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nutrient exchange and signaling pathways, and symbiotic maintenance, and in the transcriptome where GO terms for 205 

glutathione pathways associated with coral symbiosis maintenance are elevated.  206 

 207 

The second model, proposed by Wooldridge (2013), refers to the breakdown of the exchanges 208 

between the host and symbionts, which we will refer to as the Greedy Symbiont Model (GSM). 209 

Accordingly, under oligotrophic conditions Symbiodiniaceae proliferation is nutrient-limited, 210 

resulting in an abundance of carbon-based photosynthates which are transferred to the coral 211 

host. However, if nutrient loading occurs, the symbionts use the excess carbon for proliferation, 212 

thus stopping the exchange of photosynthates to the corals (Fig. 3). This, in turn, disrupts the 213 

host’s carbon-concentrating mechanisms which provide the CO2 needed by the symbionts, 214 

resulting in a negative feedback loop where the exchange of photosynthates and CO2 is further 215 

disrupted. Under CO2 limitation, the electron transport chain (ETC) in the photosynthetic 216 

apparatus becomes inhibited, causing damage to the photosystems. Similar to the PSM, this 217 

damage produces ROSs at a detriment to the symbiotic relationship. It should be noted that 218 

while both models assume ROS release is a key component causing the symbiotic breakdown, 219 

there is evidence to suggest that ROS release is not the cause of bleaching but rather only 220 

correlated with it under certain conditions, or is not released at all during stress (Diaz et al., 221 

2016; Krueger et al., 2015; Schlotheuber et al., 2024; Tolleter et al., 2013). This breakdown of 222 

the nutrient exchange model is further supported by Ezzat et al. (2015), which found that 223 

photosynthate translocation went down when both nitrogen and phosphate were enriched 224 

simultaneously, and Rädecker et al. (2021) which saw a similar breakdown occurring during 225 

heat stress.  226 

 227 

There is evidence to support both the phosphate starvation and breakdown of exchange 228 

models, and, as they are not mutually exclusive, both may play a role in creating the complexity 229 

seen in coral response to nutrient stress. The PSM explains why corals can stay healthier when 230 
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nitrogen and phosphorus are balanced (Koop et al., 2001) and the breakdown of exchange 231 

model explains the reduction of photosynthate translocation during nutrient enrichment (Ezzat et 232 

al., 2015; Rädecker et al., 2021) and why algal symbiont populations have been seen to 233 

increase during heat stress prior to bleaching (Rädecker et al., 2021). Due to the complex and 234 

varied impact nutrient stress has on corals (Tables 1 and 2), it is difficult to create a 235 

comprehensive model through collection of physiological data alone. For this, mechanistic 236 

approaches are needed, such as through molecular biological techniques. Studies utilizing 237 

these techniques are better suited to discover the root causes of stress response, such as in 238 

Wiedenmann et al. (2013) where lipidomics were employed to find differences in phospholipid to 239 

sulfolipid ratios leading to the proposed PSM. However, relative to the field as a whole there are 240 

few studies assessing nutrient stress in corals utilizing molecular biology, leading to large 241 

knowledge gaps and unexplained conflicting results. 242 

 243 

2. Molecular Mechanisms Underlying Coral Responses to Nutrient Stress 244 

Coral responses to nutrient stress are diverse and often conflicting (Fig. 2) and thus it is 245 

pertinent that more mechanistic approaches are used for a universal framework to be 246 

developed. For this, molecular approaches can provide the necessary context underlying 247 

observed physiological responses, particularly genetics, epigenetics, transcriptomics, and other 248 

omics, including metabolomics, proteomics, and lipidomics. These fields provide insights into 249 

biological processes occurring within organisms from molecular to cellular scales while 250 

modulating and regulating each other, resulting in bottom-up effects which influence an 251 

organism's phenotype and its interactions with its environment. Because of this, each field may 252 

provide unique information on how organisms react to shifting environmental conditions within 253 

their lifetimes or across generations, if the molecular acclimatizations are inheritable. 254 

 255 

2.1. Genetic and genomic studies 256 
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Many genetic studies have focused on identifying genetic markers for coral populations living in 257 

eutrophied conditions. For instance, a gene-by-environment and genotype-by-environment 258 

association study found stress tolerance and antioxidant capacity loci associated with heat and 259 

nutrient stress effect and responses in Acropora millepora (Jin et al., 2016). Although nutrient 260 

concentrations were not directly quantified, additional studies correlated poor water quality to 261 

Single Nucleotide Polymorphisms (SNPs) in coral genomes. By using seascape genomics, one 262 

of these studies identified 65 putative SNPs across three coral species of New Caledonia 263 

(southwestern Pacific) associated with higher levels of chlorophyll (Selmoni et al., 2021). 264 

Another study in A. millepora discovered that two SNP markers were significantly correlated 265 

with areas of poor water quality, low surface temperature, and high annual surface temperature 266 

range, with 48-58% of the variability in these SNPs being explained by nitrate concentrations 267 

and surface temperature (Jin et al., 2016). Although they did not correlate nutrient stress directly 268 

to SNPs, a third study used a Bayesian belief network model and predicted that alleles for a 269 

bleaching tolerance gene in that same species would be be higher in areas exposed to high 270 

nitrate and sea surface temperature (Jin et al., 2020). 271 

 272 

Genetic analyses have also been used to study other components of the coral holobiont. 273 

Accordingly, variable evolutionary responses of individual Symbiodineaceae genotypes were 274 

seen when exposed to increases in temperature and nitrogen as they adapted to their 275 

environment. While some showed decreased chlorophyll content, photosynthetic efficiency, and 276 

growth rate, others responded oppositely (Bayliss et al., 2019). Similarly, differences in 277 

Symbiodineaceae species in coral hosts in eutrophied and ambient treatments have been 278 

identified using Internal Transcribed Spacer (ITS) 2 ribosomal DNA (Hall et al., 2018), with 279 

these regions even being used to find a significant relationship between symbiont species and 280 

nitrate levels in situ (Bai et al., 2024). Symbiodinaceae ITS gene sequencing showed lower 281 

levels of diversity in an impacted reef when nutrient levels were elevated, indicating potential 282 
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stress (Bai et al., 2024). Metagenomics were used to find how the structure and function of 283 

microbial communities in the coral holobiont shifted over time. This study found that Porites 284 

compressa holobiont communities exposed to elevated levels of nitrogen and phosphate 285 

together saw genes associated with virulence as well as carbohydrate and RNA metabolism 286 

become more abundant (R. Vega Thurber et al., 2009).  287 

 288 

Collectively, genetic and genomic studies have identified loci and holobiont characteristics 289 

associated with nutrient stress and eutrophication, offering valuable insights into coral 290 

responses under challenging conditions. While these approaches tend to focus on specific 291 

components or long-term adaptive signals, they complement other lines of research by 292 

highlighting historical and regional patterns of nutrient exposure, especially in systems with 293 

sustained eutrophication or across multiple generations, and underscore the importance of 294 

integrating genetic, physiological, and environmental data to achieve a more holistic 295 

understanding of nutrient stress in corals. 296 

 297 

2.2. Epigenetic studies 298 

Changes in environmental conditions must be met by appropriate acclimatory responses 299 

modulating phenotypic states. Such plasticity is driven by the combination between genetic 300 

diversity and the modulation of gene function through epigenetic regulatory mechanisms (Ecker 301 

et al., 2018; Vogt, 2022). Epigenetics, defined as “the study of molecules and mechanisms that 302 

can perpetuate alternative gene activity states in the context of the same DNA sequence” 303 

(Cavalli & Heard, 2019) accounts for both context-dependent and independent modifications in 304 

genome function, driven by shifting energetic states in the cell resulting from changing in 305 

environmental parameters (Wallace & Fan, 2010).  306 

 307 
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A study from Rodriguez-Casariego et al. (2018) provided one of the first links between nutrient 308 

metabolism, thermal stress and epigenetic regulation in corals, finding that when occurring 309 

concurrently with thermal stress, nutrient enrichment was associated with gamma-H2A.X 310 

formation (phosphorylation of the histone variant H2A.X, also known as the “guardian of the 311 

genome” due to its role in double stranded DNA-repair). However, when only nitrogen was 312 

present, gamma-H2A.X levels decreased, suggesting that phosphorus was being depleted by 313 

its use in the formation of the gamma-H2A.X foci The links between seawater nutrient regimes 314 

and epigenetic regulation in corals were further corroborated by studies establishing linkages 315 

between DNA methylation profiles and phenotypes in corals subject to seasonal variation on 316 

reefs in Bonaire (Hackerott et al., 2023). A study by Becker (2025), provided additional insights 317 

by using a high-resolution whole genome DNA methylation approach, Whole Genome Bisulfite 318 

Sequencing (WGBS). Here, Pocillopora corals exposed to low level, long term in situ nutrient 319 

enrichment experienced increased symbiont densities and higher levels of DNA methylation on 320 

genes involved in nutrient metabolism, symbiotic nutrient exchange and signaling pathways, 321 

and symbiotic maintenance. Concurrently, genes for environmental response and regulation for 322 

these same corals had lower levels of DNA methylation which was associated with decreased 323 

gene expression. 324 

 325 

Overall, the development of epigenetic studies in marine organisms, and notably in coral reefs, 326 

has proven to be extremely challenging for multiple reasons ranging from methodological to 327 

logistic. However, more and more studies are being published, progressively filling the many 328 

gaps still existing in this field, most commonly studying DNA methylation and in some cases 329 

(although less) histone modifications (Fuller, Mansoor, Guzman, et al., 2025; Fuller, Mansoor, 330 

Jeanne Dit Fouque, et al., 2025) and small RNA regulation (Ashey et al., 2025) predominantly 331 

during responses to thermal stress. Yet, in the case of nutrient stress, epigenetic studies are still 332 

largely underdeveloped. Among those, only a single study has implemented analyses with 333 
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enough resolution to link DNA methylation levels with the expression of particular genes during 334 

responses to nutrient stress (D. Becker, 2025). Thus, additional efforts are required to fully 335 

elucidate not only the general contribution of epigenetic regulation to environmental nutrient 336 

regimes, but especially to understand the mechanistic basis linking environmental to energetic 337 

to epigenetic to ecological responses in corals. For this purpose, more laboratory-based 338 

experimental studies will be required in order to control the multiple variables contributing to 339 

these responses, which will complement the growing amount of observational studies coming 340 

from the field, striking a better balance between mechanistic and ecologically realistic studies. 341 

 342 

2.3. Transcriptomic studies 343 

Transcriptomic analyses have been among the most implemented molecular approaches in 344 

coral molecular ecology (Cleves et al., 2020), linking environmental change to physiological 345 

processes (Barshis et al., 2013). For instance, it has been reported that Stylophora pistillata 346 

corals upregulated genes involved in ion transporter activity and downregulated genes linked to 347 

phospholipid biosynthesis under low phosphorus conditions (Page et al., 2025). Similarly, 348 

nitrogen limitation in Cladocopium goreaui cultures led to the upregulation of genes linked to 349 

nutrient transport. However, when heat stress was combined with nitrogen limitation, genes 350 

involved in apoptosis and antioxidant response were also upregulated (Zhou et al., 2021). 351 

Phosphorus-starved Fugacium kawagutii cultures upregulated genes involved in heat stress 352 

responses and energy production (S. Lin et al., 2019). Importantly, only two studies used a 353 

standard nutrient enrichment treatment. Accordingly, a short-term ammonium enrichment and 354 

thermal stress experiment on Acropora aspera colonies reported enriched GO terms associated 355 

with nutrient stress, metabolism, apoptosis, protein synthesis and degradation, and 356 

photosynthesis (Rosic et al., 2014). In addition, a long-term nutrient stress experiment found 357 

that Pocillopora corals under nutrient stress, which caused increased symbiont densities, were 358 

associated with GO terms related to glutathione pathways for redox balancing between host and 359 
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symbiont as well as protein synthesis and glucose metabolism for symbiosis maintenance (D. 360 

Becker, 2025). 361 

 362 

Interestingly, several studies have exposed corals and symbionts to extreme nutrient conditions. 363 

One of them exposed Duncanopsammia peltata corals to chronic and extremely high nutrient 364 

concentrations (roughly 6.5 times higher nitrate and 8 times higher phosphate than the highest 365 

reported reef concentrations), identifying changes in molecular interaction networks associated 366 

with fatty acid (FA) metabolism, oxidative phosphorylation, and immunity (Huang et al., 2025). 367 

Similarly, exposure of Pocillopora damicornis to high ammonium concentrations (100 uM/l) 368 

resulted in the upregulation of transcripts involved in apoptosis and downregulation of 369 

transcripts involved in metabolism and signal transduction (Yuan et al., 2017). Extreme 370 

conditions were also studied in the case of symbionts, such as phosphate limitation in clade A 371 

symbiont cultures (882 uM/l nitrate and 2 uM/l phosphate). These experiments revealed a 372 

downregulation of genes for phosphorous metabolism, which was exacerbated by the 373 

incorporation of heat stress, along with the downregulation of genes involved in nitrogen intake, 374 

assimilation, photosynthesis, and photosynthate transporters, while upregulating genes for 375 

general metabolism, FA degradation, and oxidative phosphorylation (Li et al., 2024). 376 

Cladocopium goreaui cultures exposed to elevated nitrogen (up to 441 uM) and heat stress 377 

showed lower expression of photosynthesis-related genes (Huang et al., 2025). Finally, 378 

Fugacium kawagutii cultures exposed to high levels of dissolved organic phosphorus (a form 379 

associated with anthropogenic disturbance) upregulated processes associated with 380 

photosynthesis and stress response (S. Lin et al., 2019). 381 

 382 

Although few studies utilized in situ research, one of them identified the differential expression 383 

of the transcription factor NF-κB (linked to immune and stress response) in Galaxea fascicularis 384 

corals, roughly 2 times higher on eutrophied reefs compared to pristine reefs (Z. Lin et al., 385 
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2017). In the case of Duncanopsammia peltata corals from an unprotected eutrophied reef, 386 

conflicting transcriptomic results were reported depending on the methods used (Huang et al., 387 

2025). Lastly, field manipulation studies assessing microbial communities have been also 388 

implemented, such as the case of water nutrient enrichment using fertilizer release Jessen et al. 389 

(2013). This work used 16S genes to identify higher amounts of nitrogen fixing and denitrifying 390 

bacterial species in high nutrient treatments, although resulting nutrient concentrations were not 391 

measured. Bai et al. (2024) positively correlated bacteria and archaea communities to nitrate 392 

levels using 16S genes. They found that corals in higher nutrient environments had higher 393 

levels of Firmicutes, a class of bacteria potentially beneficial under stress, and that holobiont 394 

bacterial communities in a protected reef had higher interconnectivity, suggesting greater 395 

stability. 396 

 397 

Transcriptomic studies have been influential in advancing understanding of coral nutrient stress, 398 

especially through work on free‑living Symbiodiniaceae cultures. Their extension to the intact 399 

coral holobiont will further enhance ecological relevance, particularly regarding host regulation 400 

of symbiont nutrient supply (Cui et al., 2022). Differences among experimental designs (such as 401 

nutrient ratios that induce phosphorus limitation, elevated nutrient concentrations relative to reef 402 

conditions, or an exclusive focus on molecular responses) highlight the value of future work that 403 

more closely mirrors naturally occurring environmental conditions. Thus, integrating ecologically 404 

realistic nutrient manipulations with physiological validation will strengthen links between 405 

transcriptomic patterns and functional outcomes, helping to build a more comprehensive picture 406 

of nutrient stress mechanisms in corals. 407 

 408 

2.4. Other omics approaches 409 

The lipidomics-based work of Wiedenmann et al. (2013), in which the PSM was proposed (see 410 

section 1.4), represents one of the most important omic approaches. This work also 411 
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incorporated proteomics, revealing significantly elevated alkaline phosphatase (ALP) activity (an 412 

enzyme responsible for liberating phosphate from molecules such as phospholipids (Lapointe, 413 

1997)) in symbionts under nutrient-imbalanced conditions. A complementary field-based 414 

lipidomic study revealed that eutrophication led to higher quantities of lipids and lipid profiles 415 

associated to coral poor health (Kim et al., 2021). Further proteomic evidence from a reciprocal 416 

transplant experiment showed that, upon transplant to nutrient enriched environment, 417 

Stylophora pistillata corals displayed stress responses including reduced antioxidant activity 418 

likely caused by the UV attenuation associated with the eutrophication (Kramarsky-Winter et al., 419 

2009). Studies focusing on coral symbionts also reported enzymatic stress responses under 420 

high nutrient conditions, including reduced antioxidant activity, along with the increase of 421 

biomarkers of lipid peroxidation in Cladocopium goreaui (Huang et al., 2025). Oakley et al. 422 

(2023) used proteomic approaches in free-living Symbiodinium microadriaticum, further 423 

supporting these findings by showing that when treatments with N:P ratios approximated the 424 

Redfield ratio, proteomes converged regardless of total nutrient concentrations. In contrast, 425 

imbalanced nutrients—in particular when combined with thermal stress—led to enrichment of 426 

proteins associated with photosynthesis, lipid metabolism, and phosphate acquisition, including 427 

increased ALP activity. Finally, different efforts have used microbiomic approaches to document 428 

shifts in the coral holobiont during eutrophication (e.g., Thurber et al. (2009)), including links 429 

between ammonium enrichment during disturbances to microbial communities and disease 430 

outbreaks. (C. C. Becker et al., 2024). 431 

 432 

However, omics approaches beyond genomics and transcriptomics remain underdeveloped, 433 

with metabolomics and glycomics largely unexplored. Given their ability to more directly capture 434 

the realized phenotype of corals (as demonstrated by Wiedenmann et al. (2013)) these 435 

approaches represent a significant opportunity to advance the field. Integrating such data with 436 

existing molecular and physiological studies will be key to resolving the mechanistic links 437 
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between nutrient stress and coral holobiont function, and to developing more robust theoretical 438 

frameworks. 439 

 440 

2.5. Molecular evidence for mechanistic models of coral nutrient stress 441 

Of the studies reviewed above, the results of four of them provide evidence for the two 442 

proposed mechanistic models for nutrient stress (Fig. 3). Wiedenmann et al. (2013) proposed 443 

the PSM based on the ratios of phospholipids to sulpholipids in Symbiodineaceae lipidomes 444 

paired with increased ALP activity in conditions of high nitrogen and low phosphorus. Under 445 

similar nutrient conditions but with the addition of thermal stress, Rodriguez-Casariego et al. 446 

(2018) found that coral gamma-H2A.X histones became more dephosphorylated. In support of 447 

these results, Oakley et al. (2023) saw nutrient imbalance increasing abundances of proteins 448 

associated with lipid metabolism and photosynthesis, as well as elevating ALP activity in corals 449 

when high N:P ratios, both with and without thermal stress.  450 

 451 

The findings of these studies reinforce each other as ALP could dephosphorylate histones and 452 

phospholipids, lipid metabolism proteins being required for catalyzation of phospholipids, and 453 

photosynthesis proteins being utilized to stabilize compromised photosynthetic machinery. 454 

However, though studies have observed ALPs dephosphorylating histones (Ekman, 1991; 455 

Tuleva et al., 1998) and phospholipids (Ehle et al., 1985; Santos et al., 2022) under specific 456 

conditions, whether they play this role in the coral holobiont has not been explored. Finally, an 457 

interesting caveat for the PSM from Huang et al. (2025) is that elevated ALP activity was also 458 

detected in corals under balanced but elevated nutrient conditions. This could provide a bridge 459 

between both models, or indicate that ALP activity may be involved in a more general stress 460 

response rather than just one due to nutrient imbalance. Thus, further research on ALP’s 461 

function in coral stress response is needed.  462 

 463 
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On the other hand, only a study by Becker (2025) found evidence consistent with the GSM, but 464 

combining two different omic approaches. Accordingly, epigenomic analyses revealed increased 465 

levels of DNA methylation in genes linked to responses to nutrient stress and in symbiosis such 466 

as nutrient metabolism, symbiotic nutrient exchange and signaling pathways, and symbiotic 467 

maintenance. In addition, transcriptomic analyses identified an increase in RNA GO terms for 468 

glutathione pathways which the author discussed as having been associated with coral 469 

symbiosis maintenance. Both of these results occurred in tandem with increased symbiont 470 

densities in the corals.  471 

 472 

Outside of the established models, there were various studies which found unique alternative 473 

mechanisms (Fig. 4). For instance, elevated nitrogen levels (both alone and in tandem with 474 

phosphorus) seem to drive changes in holobiont bacterial communities towards bacteria that aid 475 

in stress tolerance or interact with nitrogen, while making them less connected and thus less 476 

stable (Bai et al., 2024; Jessen et al., 2013). Oakley et al. (2023) found that under nutrient 477 

imbalance, proteins related to metabolism and photosynthesis increased while population 478 

growth was significantly reduced, indicating a decoupling of photosynthesis and cell proliferation 479 

under phosphate stress. Huang et al. (2025) discovered a transcriptional basis for a mechanism 480 

of nutrient stress, supported by the upregulation of symbiont transcripts linked to antioxidant 481 

activity and fatty acid metabolism. Fatty acid (FA) catabolism stimulated by lipid peroxidation 482 

may generate ATP that supports cellular maintenance processes, including protein repair via 483 

HSP90 or enhanced alkaline phosphatase (ALP) activity to recover phosphate under 484 

phosphorus stress, consistent with the PSM. Elevated ALP activity could also reflect increased 485 

extracellular ATP signaling, which has been associated with immune responses related to 486 

inflammation or cell death (Trautmann, 2009). In addition, ALP has been implicated in coral 487 

calcification by hydrolyzing pyrophosphates that inhibit aragonite precipitation (Domart-Coulon 488 

et al., 2001), offering a potential explanation for reports of elevated calcification under 489 
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high‑nutrient conditions (Ezzat et al., 2016), although direct mechanistic links remain to be 490 

established. BothHuang et al. (2025) and Kramarsky-Winter et al. (2009) also reported reduced 491 

antioxidant activity, possibly reflecting ROS levels that exceed antioxidant capacity and thereby 492 

stimulate antioxidant pathway regulation. Notably, Huang et al. (2025) observed contrasting 493 

results between analytical approaches, with KEGG enrichment indicating increased fatty acid 494 

metabolism signals, while GSEA suggested downregulation of these pathways; lipid catabolism, 495 

however, was consistently identified as enriched. 496 

 497 
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Figure 4: Omic mechanisms triggered by nutrient stress on the coral holobiont. High nitrogen levels modify the 498 

holobiont’s bacterial communities by increasing bacteria associated with stress tolerance and biological nitrogen 499 

cycling while lowering the connectivity of bacterial communities across colonies. In the case of free living symbionts, 500 

high nitrogen and low phosphorus conditions cause photosynthesis-related proteins to be maintained or increased 501 

while symbiont population growth is decreased. As a result, photosynthesis is prioritized over growth. In the case of 502 

high overall nutrient conditions, transcriptional antioxidant activity pathways are upregulated due to increased levels 503 

of ROSs, as suggested by the increase in malondialdehyde (a byproduct of lipid peroxidation) resulting in the 504 

suppression of antioxidant activity. Increased levels of malondialdehyde are also linked to lipid peroxidation, as 505 

reflected by the upregulation of transcripts involved in fatty acid metabolism pathways, resulting in catabolism of lipids 506 

and production of ATP. The produced ATP can then be used by Hsp90 to repair proteins, or degraded by elevated 507 

levels of ALP to recover phosphate or reduce inflammation. Additionally, the increased ALP activity in turn hydrolyzes 508 

pyrophosphates, stimulating calcification.  509 

 510 

3. Conclusions 511 

Nutrient stress represents a multiscalar and context-dependent driver of coral reef decline, 512 

whose effects are shaped by nutrient identity, concentration, stoichiometry, source, species-513 

specific traits, and interactions with additional stressors such as warming and eutrophication. 514 

While decades of physiological and ecological studies have established broad patterns in coral 515 

responses to nutrient enrichment, they have also revealed substantial variability that cannot be 516 

reconciled without mechanistic insight. Molecular approaches (spanning genetics, epigenetics, 517 

transcriptomics, and other omics) have begun to illuminate the underlying processes governing 518 

nutrient stress, providing empirical support for both the Phosphate Starvation and Greedy 519 

Symbiont models as well as evidence for novel mechanisms, highlighting their potential 520 

complementarity. However, these approaches remain underutilized, unevenly distributed across 521 

molecular scales, and often constrained by ecologically unrealistic experimental designs or a 522 

lack of integration with physiological outcomes. Advancing the field will require coordinated, 523 

hypothesis-driven studies that combine ecologically relevant nutrient manipulations with multi-524 

omic profiling and validated phenotypic measurements in intact coral holobionts. Such efforts 525 



 

26 

are essential not only to resolve long-standing uncertainty surrounding nutrient stress 526 

mechanisms, but also to refine predictive frameworks for coral resilience and inform effective 527 

management strategies in an increasingly eutrophied and warming ocean. 528 

 529 
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Supplement 875 

Supplementary Table S1: Changes to coral physiology under various nutrient and secondary 876 

stressor conditions. A solid row separation indicates a new study, but a dashed separation 877 

indicates a different treatment, group, or species within the same study. Treatment/Condition is 878 

denoted as a combination of nitrogen condition - high or low (HN and LN respectively) - 879 

phosphorus condition - high or low (HP and LP respectively) and any additional stressors. 880 

Treatment/Condition is not differentiated between forms of each nutrient, such as nitrate and 881 

ammonia for nitrogen. Changes in physiological parameters were reported as an increase (+), 882 

decrease (-), or no difference (=) when compared to the studies controls or ambient conditions, 883 

with a star indicating that result was reported to be significant by that study. Percent changes 884 

were shown for studies that included them, as well as studies which did not include them but 885 

provided the information required to calculate them. Reported results are either relative to 886 

controls, low nutrient treatments, or temporal environmental differences depending on the 887 

study’s experimental design. Exact nutrient ranges and forms reported by each study can be 888 

found in Supplementary Table S3, if reported by said study. 889 

Conditions Type Species Bleaching Mortality Disease Growth Calcification Skeleton 

Density 

Paper 

HNHP Field Pocillopora 

spp. 

      Becker et al. 

2021 

HN &  

Thermal 

Stress 

Tank Turbinaria 

reniformis 

    =  Béraud et al. 

2013 

HNHP &  

Disease 

Field Montastrea 

annularis & 

Montastrea 

franksii 

 +* +*    Bruno et al. 

2003 

HNHP Tank Acropora 

polystoma 

   500% +*   Buckingham et 

al. 2022 

HNLP Tank Acropora 

polystoma 

+   =    

HN & 

 Thermal 

Stress 

Field Acropora spp. +* =     Burkepile et al. 

2020 

HN &  

Thermal 

Stress 

Field Pocillopora 

spp. 

+* +*      

HN &  

Thermal 

Stress 

Field Porites spp. = =      

HN &  

Thermal 

Stress 

Field Porites spp. = =      

https://paperpile.com/c/Gx6O6l/dLdJo
https://paperpile.com/c/Gx6O6l/dLdJo
https://paperpile.com/c/Gx6O6l/dLUrh
https://paperpile.com/c/Gx6O6l/dLUrh
https://paperpile.com/c/Gx6O6l/vb8w0
https://paperpile.com/c/Gx6O6l/vb8w0
https://paperpile.com/c/Gx6O6l/3NpKP
https://paperpile.com/c/Gx6O6l/3NpKP
https://paperpile.com/c/Gx6O6l/KcGKQ
https://paperpile.com/c/Gx6O6l/KcGKQ
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HN Tank Pocillopra 

damicornis 

    -  Courtial et al. 

2018 

HN &  

Thermal 

Stress 

Tank Pocillopra 

damicornis 

    -   

HN Field Acropora spp. +      Donovan et al. 

2020 

HN &  

Thermal 

Stress 

Field Acropora spp. +       

HN Field Pocillopora 

spp. 

+       

HN &  

Thermal 

Stress 

Field Pocillopora 

spp. 

+       

HNHP Tank Stylophora 

pistillata 

    +*  Ezzat et al. 

2015 

HN (NO4) Tank Stylophora 

pistillata 

    +*   

HN (NO3) Tank Stylophora 

pistillata 

    +   

HN &  

Thermal 

Stress 

Tank Turbinaria 

reniformis 

    -*  Ezzat et al. 

2016 

HN Tank Stylophora 

pistillata 

    +*  Ezzat et al. 

2019 

HN &  

Thermal 

Stress 

Tank Stylophora 

pistillata 

-*    +*   

HN Tank Acropora 

millepora 

= =  =   Fabricius et al. 

2013 

HN & 

 Thermal 

Stress 

Tank Acropora 

millepora 

 +*  =    

HN & 

Organic 

Enrichment 

Tank Acropora 

millepora 

 =  =    

HN & 

Organic 

Enrichment 

&  

Thermal 

Stress 

Tank Acropora 

millepora 

 =  =    

HN Tank Montipora 

tuberculosa 

= =  =    

HN &  

Thermal 

Stress 

Tank Montipora 

tuberculosa 

 +*  =    

HN & 

Organic 

Enrichment 

Tank Montipora 

tuberculosa 

 =  =    

HN & 

Organic 

Enrichment 

&  

Thermal 

Stress 

Tank Montipora 

tuberculosa 

 =  =    

HN (NO3−) Tank Stylophora 

pistillata 

    -*  Fernandes de 

Barros 

Marangoni et 

al. 2020 

HN (NH4+) Tank Stylophora 

pistillata 

    =   

HN (NO3−) &  

Thermal 

Stress 

Tank Stylophora 

pistillata 

    -*   

HN (NH4+) &  Tank Stylophora 

pistillata 

    -*   

https://paperpile.com/c/Gx6O6l/HDUrw
https://paperpile.com/c/Gx6O6l/HDUrw
https://paperpile.com/c/Gx6O6l/jQKOR
https://paperpile.com/c/Gx6O6l/jQKOR
https://paperpile.com/c/Gx6O6l/Gwpi1
https://paperpile.com/c/Gx6O6l/Gwpi1
https://paperpile.com/c/Gx6O6l/84gbF
https://paperpile.com/c/Gx6O6l/84gbF
https://paperpile.com/c/Gx6O6l/qF1jb
https://paperpile.com/c/Gx6O6l/qF1jb
https://paperpile.com/c/Gx6O6l/NSmbk
https://paperpile.com/c/Gx6O6l/NSmbk
https://paperpile.com/c/Gx6O6l/0Hs5V
https://paperpile.com/c/Gx6O6l/0Hs5V
https://paperpile.com/c/Gx6O6l/0Hs5V
https://paperpile.com/c/Gx6O6l/0Hs5V
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Thermal 

Stress 

HN Tank Stylophora 

pistillata 

   60% -   Ferrier-Pagès 

et al. 2000 

HNHP Tank Stylophora 

pistillata 

   25% -    

HP Tank Stylophora 

pistillata 

   30% -    

HNHP Tank Pocillopora 

acuta 

    -  Fox et al. 2021 

HNHP Tank Porites 

compressa 

    -   

HN Field Porites lutea 

& Porites 

lobata 

   -   Gil 2013 

HN Field Acropora 

longicyathus 

 =  -* +* = Koop et al. 

2001 

HNHP Field Acropora 

longicyathus 

 =  -* =   

HP Field Acropora 

longicyathus 

 =  -* +* -*  

LN Field Acropora 

longicyathus 

 =  = = =  

LNLP Field Acropora 

longicyathus 

 =  = = =  

LP Field Acropora 

longicyathus 

 =  = = =  

HN Field Acropora 

palifera 

   = -*   

HP Field Acropora 

palifera 

   -* +*   

LN Field Acropora 

palifera 

 =  = = =  

LNLP Field Acropora 

palifera 

 =  = = =  

LP Field Acropora 

palifera 

 =  = = =  

HN Field Pocillopora 

damicornis 

 +*   -*   

HNHP Field Pocillopora 

damicornis 

 211-271% 

+* 

     

HP Field Pocillopora 

damicornis 

 +*   -*   

LN Field Pocillopora 

damicornis 

 =  = = =  

LNLP Field Pocillopora 

damicornis 

 =  = = =  

LP Field Pocillopora 

damicornis 

 =  = = =  

HN Field Stylophora 

pstillata 

   -* =   

HNHP Field Stylophora 

pstillata 

   -*    

HP Field Stylophora 

pstillata 

   = -*   

LN Field Stylophora 

pstillata 

 =  = = =  

LNLP Field Stylophora 

pstillata 

 =  = = =  

LP Field Stylophora 

pstillata 

 =  = = =  

HNHP Tank Agaricia 

tenuifolia 

+ =     Kuntz et al. 

2005 

HNHP Tank Montastrea 

annularis 

+ =      

HNHP Tank Porites 

furcata 

= =      

https://paperpile.com/c/Gx6O6l/PohLW
https://paperpile.com/c/Gx6O6l/PohLW
https://paperpile.com/c/Gx6O6l/dXPMi
https://paperpile.com/c/Gx6O6l/obIZN
https://paperpile.com/c/Gx6O6l/Kpxzw
https://paperpile.com/c/Gx6O6l/Kpxzw
https://paperpile.com/c/Gx6O6l/oKSYU
https://paperpile.com/c/Gx6O6l/oKSYU
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HN Field General 

Caribbean 

species 

 + 404% +    Lapointe et al. 

2019 

HNHP Tank Stylophora 

pstillata 

 =     Muscatine et 

al. 1989 

HN Tank Acropora 

cervicornis 

 +  -*   Renegar and 

Riegl 2005 

HN &  

CO2 

Tank Acropora 

cervicornis 

 +  -    

HNHP Tank Acropora 

cervicornis 

 +  61% -*    

HNHP &  

CO2 

Tank Acropora 

cervicornis 

 +  -*    

HP Tank Acropora 

cervicornis 

 +  -*    

HP &  

CO2 

Tank Acropora 

cervicornis 

 +  -    

HNLP Tank Euphyllia 

paradivisa 

+      Rosset et al. 

2017 

LNHP Tank Euphyllia 

paradivisa 

=       

LNLP Tank Euphyllia 

paradivisa 

+       

HN Meta 

Analysis 

General coral 

species 

   -* 11% -* = Shantz and 

Burkepile 2014 

HNHP Meta 

Analysis 

General coral 

species 

   -* = 10% -  

HP Meta 

Analysis 

General coral 

species 

   + 9% +* 9% -  

Nutrient  

enrichment 

Meta 

Analysis 

General coral 

species 

   31% -   Shantz et al. 

2016 

HNHP Field Acropora 

cervicornis 

 -*  -   Shaver et al. 

2017 

HNHP &  

Predation 

Field Acropora 

cervicornis 

 =  =    

HNHP Tank Porites 

compressa & 

Montipora 

caiptata 

    56% -*  Silbiger et al. 

2018 

HNHP Field Agaricia spp. 400-700% 

+* 

     Vega Thurber 

et al. 2014 

HNHP Field General 

Caribbean 

corals 

 = 200% +*     

HNHP Field Siderastrea 

siderea 

  100% +     

HN Tank Siderastrea 

siderea 

  +*    Voss and 

Richardson 

2006 

HN Field Siderastrea 

siderea 

  +*     

HN &  

Thermal 

Stress 

Field Agaricia spp. + +     Wang et al. 

2018 

HNHP &  

Thermal 

Stress 

Field Agaricia spp. + =      

HP &  

Thermal 

Stress 

Field Agaricia spp. + =      

HN &  

Thermal 

Stress 

Field Siderastrea 

siderea 

  +     

HNHP &  

Thermal 

Stress 

Field Siderastrea 

siderea 

  +     

HP &  Field Siderastrea 

siderea 

  +     

https://paperpile.com/c/Gx6O6l/cvH0c
https://paperpile.com/c/Gx6O6l/cvH0c
https://paperpile.com/c/Gx6O6l/rHj15
https://paperpile.com/c/Gx6O6l/rHj15
https://paperpile.com/c/Gx6O6l/Wwzc5
https://paperpile.com/c/Gx6O6l/Wwzc5
https://paperpile.com/c/Gx6O6l/bG8S2
https://paperpile.com/c/Gx6O6l/bG8S2
https://paperpile.com/c/Gx6O6l/u5RQj
https://paperpile.com/c/Gx6O6l/u5RQj
https://paperpile.com/c/Gx6O6l/xsrS4
https://paperpile.com/c/Gx6O6l/xsrS4
https://paperpile.com/c/Gx6O6l/2AhYS
https://paperpile.com/c/Gx6O6l/2AhYS
https://paperpile.com/c/Gx6O6l/RygQv
https://paperpile.com/c/Gx6O6l/RygQv
https://paperpile.com/c/Gx6O6l/RTFfI
https://paperpile.com/c/Gx6O6l/RTFfI
https://paperpile.com/c/Gx6O6l/ieJtm
https://paperpile.com/c/Gx6O6l/ieJtm
https://paperpile.com/c/Gx6O6l/ieJtm
https://paperpile.com/c/Gx6O6l/FwJL6
https://paperpile.com/c/Gx6O6l/FwJL6
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Thermal 

Stress 

HNLP &  

UV Stress 

Tank Montipora 

foliosa 

+ +     Wiedenmann 

et al. 2013 

Water quality 

&  

Thermal 

Stress 

Field General 

Great Barrier 

Reef Species 

+      Wooldridge 

and Done 

2009 

HN &  

Thermal 

Stress 

Field General 

Great Barrier 

Reef Species 

+      Wooldridge 

2009 

HNHP Field General 

Florida Keys 

species 

 -     Zaneveld et al. 

2016 

HNHP Field General 

Florida Keys 

species 

 +* +     

HNHP &  

Predation 

Field General 

Porites corals 

 +      

HN &  

Thermal 

Stress 

Field Porites spp.  +*      

HN &  

Predation 

Field Porites spp.  +* +*     

HN &  

Thermal 

Stress 

Tank Acropora 

hyacinthus 

+      Zhang et al. 

2023 

 890 

 891 

Supplementary Table S2: Changes to coral physiology under various nutrient and secondary 892 

stressor conditions. Chl a is the total concentration of Chlorophyll a, Rd is the dark respiration 893 

rate, Pmax is the maximum photosynthetic rate, and Fv/Fm is the maximum photosynthetic 894 

efficiency. Solid row separation indicates a new study, but a dashed separation indicates a 895 

different treatment, group, or species within the same study. Treatment/Condition is denoted as 896 

a combination of nitrogen condition - high or low (HN and LN respectively) - phosphorus 897 

condition - high or low (HP and LP respectively) and any additional stressors. 898 

Treatment/Condition is not differentiated between forms of each nutrient, such as nitrate and 899 

ammonia for nitrogen. Changes in physiological parameters were reported as an increase (+), 900 

decrease (-), or no difference (=) when compared to the studies controls or ambient conditions, 901 

with a star indicating that result was reported to be significant. Percent changes were shown for 902 

studies that included them, as well as studies which did not include them but provided the 903 

information required to calculate them. Exact nutrient ranges and forms reported by each study 904 

can be found in Supplementary Table S3, if reported by said study. 905 

https://paperpile.com/c/Gx6O6l/tKipF
https://paperpile.com/c/Gx6O6l/tKipF
https://paperpile.com/c/Gx6O6l/Fqy2p
https://paperpile.com/c/Gx6O6l/Fqy2p
https://paperpile.com/c/Gx6O6l/Fqy2p
https://paperpile.com/c/Gx6O6l/8MkGV
https://paperpile.com/c/Gx6O6l/8MkGV
https://paperpile.com/c/Gx6O6l/xHdtH
https://paperpile.com/c/Gx6O6l/xHdtH
https://paperpile.com/c/Gx6O6l/t3ZiL
https://paperpile.com/c/Gx6O6l/t3ZiL
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Conditions Type Species Chl a 

(total) 

Rd Symbiont 

Density 

Pmax Fv/Fm Paper 

HN Tank Stylophora 

pistillata 

+*  =  = Fernandes de 

Barros Marangoni 

et al. 2020 

HN &  

Thermal Stress 

Tank Stylophora 

pistillata 

=  =  -*  

HN &  

Thermal Stress 

Tank Turbinaria 

reniformis 

+* =  +*  Béraud et al. 

2013 

HN &  

Thermal Stress 

Tank Turbinaria 

reniformis 

+/+* = -* =   

HN &  

Thermal Stress 

Field Porites spp.      Zaneveld et al. 

2016 

HNHP Tank Pocillopra 

damicornis 

+ + = +  Courtial et al. 

2018 

HNHP Tank Euphyllia 

paradivisa 

  +   Rosset et al. 

2015 

HNHP Tank Turbinaria 

reniformis 

350% 

+* 

    Ezzat et al. 2016 

HN Tank Turbinaria 

reniformis 

=      

HNHP 

&Thermal 

Stress 

Tank Turbinaria 

reniformis 

280% 

+* 

-*  -*   

HN &  

Thermal Stress 

Tank Porites 

compressa & 

Montipora 

caiptata 

 +   = Silbiger et al. 

2018 

HN Tank Porites 

cylindrica 

= = = -*  Nordemar et al. 

2003 

Water quality &  

Thermal Stress 

Tank Porites 

cylindrica 

= = = -*   

HN & 

 Thermal Stress 

Tank Euphyllia 

paradivisa 

  +  - Rosset et al. 

2017 

HN &  

Thermal Stress 

Tank Euphyllia 

paradivisa 

  =  =  

HN &  

Thermal Stress 

Tank Euphyllia 

paradivisa 

  +  =  

HN &  

Thermal Stress 

Tank Acropora 

polystoma 

  600% +*  = Buckingham et al. 

2022 

HN &  

Thermal Stress 

Tank Acropora 

polystoma 

  =  -*  

HN &  

Thermal Stress 

Tank Stylophora 

pistillata 

+* -* +* -*  Ezzat et al. 2015 

HN & 

 Thermal Stress 

Tank Stylophora 

pistillata 

+*  +* =   

HN &  

Thermal Stress 

Tank Stylophora 

pistillata 

+* +* +* -*   

HNLP Tank Stylophora 

pistillata 

 +*  +*  Ferrier-Pagès et 

al. 2000 

LNHP Tank Stylophora 

pistillata 

 +*  +*   

LNLP Tank Pocillopora 

damicornis 

+*     Snidvongs and 

Kinzie 1994 

HNHP Tank Pocillopora 

damicornis 

=      

HNLP Tank Pocillopora 

damicornis 

=      

https://paperpile.com/c/Gx6O6l/0Hs5V
https://paperpile.com/c/Gx6O6l/0Hs5V
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https://paperpile.com/c/Gx6O6l/dLUrh
https://paperpile.com/c/Gx6O6l/dLUrh
https://paperpile.com/c/Gx6O6l/xHdtH
https://paperpile.com/c/Gx6O6l/xHdtH
https://paperpile.com/c/Gx6O6l/HDUrw
https://paperpile.com/c/Gx6O6l/HDUrw
https://paperpile.com/c/Gx6O6l/PHXhQ
https://paperpile.com/c/Gx6O6l/PHXhQ
https://paperpile.com/c/Gx6O6l/84gbF
https://paperpile.com/c/Gx6O6l/RygQv
https://paperpile.com/c/Gx6O6l/RygQv
https://paperpile.com/c/Gx6O6l/qs95o
https://paperpile.com/c/Gx6O6l/qs95o
https://paperpile.com/c/Gx6O6l/bG8S2
https://paperpile.com/c/Gx6O6l/bG8S2
https://paperpile.com/c/Gx6O6l/3NpKP
https://paperpile.com/c/Gx6O6l/3NpKP
https://paperpile.com/c/Gx6O6l/Gwpi1
https://paperpile.com/c/Gx6O6l/PohLW
https://paperpile.com/c/Gx6O6l/PohLW
https://paperpile.com/c/Gx6O6l/TxchF
https://paperpile.com/c/Gx6O6l/TxchF


 

47 

HNLP Field Pocillopora 

damicornis 

=  = = = Koop et al. 2001 

HNLP Field Pocillopora 

damicornis 

=  = = =  

HNHP Field Acropora 

longicyathus 

=   = =  

HN Field Acropora 

longicyathus 

=   = =  

HN Field Pocillopora 

damicornis 

=  = = =  

HP Field Acropora 

longicyathus 

=   = =  

HNHP Field Acropora 

palifera 

=   = =  

HN &  

CO2 

Field Acropora 

palifera 

=   = =  

HP &  

CO2 

Field Acropora 

palifera 

=   = =  

HNHP &  

CO2 

Field Stylophora 

pstillata 

=   = =  

HP Field Stylophora 

pstillata 

=   = =  

HNHP Field Stylophora 

pstillata 

=   = =  

LP Field Acropora 

longicyathus 

  +*    

LNLP Field Stylophora 

pstillata 

+* = +* =   

LN Field Stylophora 

pstillata 

= + +* +   

LP Field Stylophora 

pstillata 

+*      

LNLP Tank Stylophora 

pstillata 

+*  +*   Muscatine et al. 

1989 

LN Tank Stylophora 

pstillata 

=  =    

LP Tank Stylophora 

pstillata 

+*  +*    

LNLP Tank Stylophora 

pistillata 

 +*  +*  Ferrier-Pagès et 

al. 2000 

LN Tank Pocillopora 

damicornis 

=  =   Stambler et al. 

1991 

LP Tank Pocillopora 

damicornis 

+*  +*    

LNLP Tank Pocillopora 

damicornis 

+*  +*    

HP Meta 

Analysis 

General coral 

species 

+*  + +  Shantz and 

Burkepile 2014 

HNHP Meta 

Analysis 

General coral 

species 

=  = =   

HN Meta 

Analysis 

General coral 

species 

+*  +    

HP Field Pocillopora 

spp. 

= 12% + 54% +* 29% 

+* 

 Becker et al. 

2021 

HNHP Tank Pocillopora 

verrucosa 

 40% +* 60% - 30% 

-* 

-* Pogoreutz et al. 

2017 

HN Tank Acropora 

millepora 

    + Fabricius et al. 

2013 

https://paperpile.com/c/Gx6O6l/Kpxzw
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HP Tank Montipora 

tuberculosa 

    +  

HN Tank Acropora 

millepora 

    -*  

HP Tank Montipora 

tuberculosa 

    -*  

HNHP Tank Stylophora 

pistillata 

-*  -* -*  Ezzat et al. 2019 

HNHP Tank Montipora 

foliosa 

  +  - Wiedenmann et 

al. 2013 

HN Tank Euphyllia 

paradivisa 

-  -  -  

LN Tank Pocillopra 

damicornis 

+ = = +  Courtial et al. 

2018 

HN Tank Stylophora 

pistillata 

+  =  -* Fernandes de 

Barros Marangoni 

et al. 2020 

HN Tank Stylophora 

pistillata 

=  =  -*  

HN &  

Thermal Stress 

Tank Stylophora 

pistillata 

+*  +*  =  

HN &  

Thermal Stress 

Tank Stylophora 

pistillata 

+  +*  +  

HN Tank Acropora 

hyacinthus 

  =   Zhang et al. 2023 

HN Tank Acropora 

hyacinthus 

  +*    

HN Tank Acropora 

hyacinthus 

  -*    

HP Tank Acropora 

hyacinthus 

  +*    

HNHP Tank Porites 

compressa 

+ = +* = +* Fox et al. 2021 

HNHP Tank Pocillopora 

acuta 

+ = +* +* +*  

HN Field Acropora 

muricata 

+  +   Chauvin et al. 

2011 

HN Tank Acropora 

aspera 

=  =  + Rosic et al. 2014 

 906 

 907 

Supplementary Table S3: Treatment/Condition for studies from Tables 1 and 2 and 908 

Supplementary Tables S1 and S2 which provided these details for their research. 909 

Concentrations are in µM and are labeled as the nitrogen condition - high or low (HN and LN 910 

respectively) or the form of nitrogen used - phosphorus condition - high or low (HP and LP 911 

respectively) - depletion levels for each, or the ambient/control conditions if stated. 912 

LN HN Nitrate 

low 

Nitrate 

high 

Ammonium 

low 

Ammonium 

high 

LP HP HNHP HNLP LNHP LNLP Nutrient 

depletion 

(N & P) 

Ambient/ 

Control 

(N & P) 

Type Paper 

     3        0.7 & 0.5 Tank Béraud et al. 2013 

   1 to 6.4  1 to 11  0.9 

to 

4.6 

     1.085  & 

0.183 

Field Bruno et al. 2003 

https://paperpile.com/c/Gx6O6l/qF1jb
https://paperpile.com/c/Gx6O6l/tKipF
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        4.5 & 

0.6 

73 & 

undetectable 

0.06 & 

5.7 

 Neither 

detectable 

 Tank Buckingham et al. 

2022 

  2.8 7.1 2.7 9.4        0.28 & 

0.14 

Field Burkepile et al. 

2020 

  0.37 4.4-

11.4 

          Field Chauvin et al. 

2011 

        3 & 0.5    <0.1 & 

<0.05 

0.5 & 0.1 Tank Courtial et al. 2018 

   2.5  2.5   3 & 1     0.5 & 0.05 Tank Ezzat et al. 2015 

 2       2 & 0.5     0.5 & 0.1 Tank Ezzat et al. 2016 

     2       0.08 & 0.05 0.5 & 0.2 Tank Ezzat et al. 2019 

   4.23          0.23 & 

N/A 

Tank Fabricius et al. 

2013 

   3  3        0.5 & 0.2 Tank Fernandes de 

Barros Marangoni 

et al. 2020 

  0.5  0.04 19.5 0.09 2.8 18.5 & 

2.4 

    0.54 & 

0.09 

Tank Ferrier-Pagès et 

al. 2000 

  1 7   0.06 2.24 7 & 

2.24 

  1 & 

0.06 

 0.1 & 0.06 Tank Fox et al. 2021 

0.6

6 

5.8            0.6 & N/A Field Gil 2013 

3.8

5 

to 

14.

39 

14.24 

to 

39.14 

  0.9 to 11.45 11.3 to 36.2 0.52 

to 

2.34 

2.4 

to 

5.14 

36.2 & 

5.14 

  0.9 & 

0.5 

 0.65/1.34 

& 0.2/0.16 

Field Koop et al. 2001 

  2.5 7.5 5 25 0.5 2.5 32.5 & 

2.5 

  7.5 & 

0.5 

  Tank Kuntz et al. 2005 

     20  2 20 & 2      Tank Muscatine et al. 

1989 

   16          1.4-2.1 Tank Nordemar et al. 

2003 

  5 10   2 4       Tank Renegar and Riegl 

2005 

        6.5 & 

0.3 

    0.7 & 

0.006 

Tank Rosset et al. 2017 

        6.5 & 

0.3 

38 & 0.189 0.006 

& 3.6 

0.7 & 

0.0006 

  Tank Rosset et al. 2017 

  0.62   15  1.2 15 & 

1.2 

    1 & 0.3 Tank Snidvongs and 

Kinzie 1994 

     15 0.5 2  15 & 0.5    2 & 0.1 Tank Stambler et al. 

1991 

        3.91 & 

0.27 

    1.15 & 

0.035 

Field Vega Thurber et 

al. 2014 

   3     2.85 & 

.127 

    0.557 & 

0.025 

Field Voss and 

Richardson 2006 

        3.18 & 

0.34 

    0.71 & 

0.14 

Field Wang et al. 2018 

         3 & 0.07   0.7 & 0.006 6.5 & 0.3 Tank Wiedenmann et al. 

2013 

              Field Zaneveld et al. 

2016 

   9  9         Tank Zhang et al. 2023 

 913 

Supplemental Citations 914 

Becker, Danielle M., Hollie M. Putnam, Deron E. Burkepile, Thomas C. Adam, Rebecca Vega Thurber, and Nyssa J. Silbiger. 2021. “Chronic Low-915 
Level Nutrient Enrichment Benefits Coral Thermal Performance in a Fore Reef Habitat.” Coral Reefs 40 (5): 1637–1655. 916 

Béraud, Eric, François Gevaert, Cécile Rottier, and Christine Ferrier-Pagès. 2013. “The Response of the Scleractinian Coral Turbinaria Reniformis to 917 
Thermal Stress Depends on the Nitrogen Status of the Coral Holobiont.” The Journal of Experimental Biology 216 (Pt 14): 2665–2674. 918 

Bruno, John F., Laura E. Petes, C. Drew Harvell, and Annaliese Hettinger. 2003. “Nutrient Enrichment Can Increase the Severity of Coral Diseases: 919 
Effect of Nutrients on Coral Disease Severity.” Ecology Letters 6 (12): 1056–1061. 920 

Buckingham, M. C., C. D’Angelo, T. B. Chalk, et al. 2022. “Impact of Nitrogen (N) and Phosphorus (P) Enrichment and Skewed N:P Stoichiometry on 921 
the Skeletal Formation and Microstructure of Symbiotic Reef Corals.” Coral Reefs 41 (4): 1147–1159. 922 

Burkepile, Deron E., Andrew A. Shantz, Thomas C. Adam, et al. 2020. “Nitrogen Identity Drives Differential Impacts of Nutrients on Coral Bleaching 923 
and Mortality.” Ecosystems (New York, N.Y.) 23 (4): 798–811. 924 

Chauvin, Anne, Vianney Denis, and Pascale Cuet. 2011. “Is the Response of Coral Calcification to Seawater Acidification Related to Nutrient 925 
Loading?” Coral Reefs 30 (4): 911–923. 926 

Courtial, Lucile, Victor Planas Bielsa, Fanny Houlbrèque, and Christine Ferrier-Pagès. 2018. “Effects of Ultraviolet Radiation and Nutrient Level on the 927 
Physiological Response and Organic Matter Release of the Scleractinian Coral Pocillopora Damicornis Following Thermal Stress.” PloS One 13 928 
(10): e0205261. 929 

https://paperpile.com/c/Gx6O6l/3NpKP
https://paperpile.com/c/Gx6O6l/3NpKP
https://paperpile.com/c/Gx6O6l/KcGKQ
https://paperpile.com/c/Gx6O6l/KcGKQ
https://paperpile.com/c/Gx6O6l/cFyTf
https://paperpile.com/c/Gx6O6l/cFyTf
https://paperpile.com/c/Gx6O6l/HDUrw
https://paperpile.com/c/Gx6O6l/Gwpi1
https://paperpile.com/c/Gx6O6l/84gbF
https://paperpile.com/c/Gx6O6l/qF1jb
https://paperpile.com/c/Gx6O6l/NSmbk
https://paperpile.com/c/Gx6O6l/NSmbk
https://paperpile.com/c/Gx6O6l/0Hs5V
https://paperpile.com/c/Gx6O6l/0Hs5V
https://paperpile.com/c/Gx6O6l/0Hs5V
https://paperpile.com/c/Gx6O6l/PohLW
https://paperpile.com/c/Gx6O6l/PohLW
https://paperpile.com/c/Gx6O6l/dXPMi
https://paperpile.com/c/Gx6O6l/obIZN
https://paperpile.com/c/Gx6O6l/Kpxzw
https://paperpile.com/c/Gx6O6l/oKSYU
https://paperpile.com/c/Gx6O6l/rHj15
https://paperpile.com/c/Gx6O6l/rHj15
https://paperpile.com/c/Gx6O6l/qs95o
https://paperpile.com/c/Gx6O6l/qs95o
https://paperpile.com/c/Gx6O6l/Wwzc5
https://paperpile.com/c/Gx6O6l/Wwzc5
https://paperpile.com/c/Gx6O6l/bG8S2
https://paperpile.com/c/Gx6O6l/bG8S2
https://paperpile.com/c/Gx6O6l/TxchF
https://paperpile.com/c/Gx6O6l/TxchF
https://paperpile.com/c/Gx6O6l/73Qlb
https://paperpile.com/c/Gx6O6l/73Qlb
https://paperpile.com/c/Gx6O6l/RTFfI
https://paperpile.com/c/Gx6O6l/RTFfI
https://paperpile.com/c/Gx6O6l/ieJtm
https://paperpile.com/c/Gx6O6l/ieJtm
https://paperpile.com/c/Gx6O6l/FwJL6
https://paperpile.com/c/Gx6O6l/tKipF
https://paperpile.com/c/Gx6O6l/tKipF
https://paperpile.com/c/Gx6O6l/xHdtH
https://paperpile.com/c/Gx6O6l/xHdtH
https://paperpile.com/c/Gx6O6l/t3ZiL
http://paperpile.com/b/Gx6O6l/dLdJo
http://paperpile.com/b/Gx6O6l/dLdJo
http://paperpile.com/b/Gx6O6l/dLdJo
http://paperpile.com/b/Gx6O6l/dLdJo
http://paperpile.com/b/Gx6O6l/dLUrh
http://paperpile.com/b/Gx6O6l/dLUrh
http://paperpile.com/b/Gx6O6l/dLUrh
http://paperpile.com/b/Gx6O6l/dLUrh
http://paperpile.com/b/Gx6O6l/vb8w0
http://paperpile.com/b/Gx6O6l/vb8w0
http://paperpile.com/b/Gx6O6l/vb8w0
http://paperpile.com/b/Gx6O6l/vb8w0
http://paperpile.com/b/Gx6O6l/3NpKP
http://paperpile.com/b/Gx6O6l/3NpKP
http://paperpile.com/b/Gx6O6l/3NpKP
http://paperpile.com/b/Gx6O6l/3NpKP
http://paperpile.com/b/Gx6O6l/KcGKQ
http://paperpile.com/b/Gx6O6l/KcGKQ
http://paperpile.com/b/Gx6O6l/KcGKQ
http://paperpile.com/b/Gx6O6l/KcGKQ
http://paperpile.com/b/Gx6O6l/cFyTf
http://paperpile.com/b/Gx6O6l/cFyTf
http://paperpile.com/b/Gx6O6l/cFyTf
http://paperpile.com/b/Gx6O6l/cFyTf
http://paperpile.com/b/Gx6O6l/HDUrw
http://paperpile.com/b/Gx6O6l/HDUrw
http://paperpile.com/b/Gx6O6l/HDUrw
http://paperpile.com/b/Gx6O6l/HDUrw
http://paperpile.com/b/Gx6O6l/HDUrw


 

50 

Donovan, Mary K., Thomas C. Adam, Andrew A. Shantz, et al. 2020. “Nitrogen Pollution Interacts with Heat Stress to Increase Coral Bleaching across 930 
the Seascape.” Proceedings of the National Academy of Sciences of the United States of America 117 (10): 5351–5357. 931 

Ezzat, Leïla, Jean-François Maguer, Renaud Grover, and Christine Ferrier-Pagès. 2015. “New Insights into Carbon Acquisition and Exchanges within 932 
the Coral-Dinoflagellate Symbiosis under NH4+ and NO3- Supply.” Proceedings. Biological Sciences 282 (1812): 20150610. 933 

Ezzat, Leïla, Jean-François Maguer, Renaud Grover, Cécile Rottier, Pascale Tremblay, and Christine Ferrier-Pagès. 2019. “Nutrient Starvation Impairs 934 
the Trophic Plasticity of Reef‑building Corals under Ocean Warming.” Functional Ecology 33 (4): 643–653. 935 

Ezzat, Leïla, Erica Towle, Jean-Olivier Irisson, Chris Langdon, and Christine Ferrier-Pagès. 2016. “The Relationship between Heterotrophic Feeding 936 
and Inorganic Nutrient Availability in the Scleractinian coralT. Reniformisunder a Short-Term Temperature Increase: Heterotrophy and Inorganic 937 
Nutrient Effects in Corals.” Limnology and Oceanography 61 (1): 89–102. 938 

Fabricius, Katharina E., Glenn De’ath, Craig Humphrey, Irena Zagorskis, and Britta Schaffelke. 2013. “Intra-Annual Variation in Turbidity in Response 939 
to Terrestrial Runoff on near-Shore Coral Reefs of the Great Barrier Reef.” Estuarine, Coastal and Shelf Science 116 (January): 57–65. 940 

Fernandes de Barros Marangoni, Laura, Christine Ferrier-Pagès, Cécile Rottier, Adalto Bianchini, and Renaud Grover. 2020. “Unravelling the Different 941 
Causes of Nitrate and Ammonium Effects on Coral Bleaching.” Scientific Reports 10 (1): 11975. 942 

Ferrier-Pagès, C., J-P Gattuso, S. Dallot, and J. Jaubert. 2000. “Effect of Nutrient Enrichment on Growth and Photosynthesis of the Zooxanthellate 943 
Coral Stylophora Pistillata.” Coral Reefs 19 (2): 103–113. 944 

Fox, Michael D., Craig E. Nelson, Thomas A. Oliver, et al. 2021. “Differential Resistance and Acclimation of Two Coral Species to Chronic Nutrient 945 
Enrichment Reflect Life‑history Traits.” Functional Ecology 35 (5): 1081–1093. 946 

Gil, Michael A. 2013. “Unity through Nonlinearity: A Unimodal Coral-Nutrient Interaction.” Ecology 94 (8): 1871–1877. 947 

Koop, K., D. Booth, A. Broadbent, et al. 2001. “ENCORE: The Effect of Nutrient Enrichment on Coral Reefs. Synthesis of Results and Conclusions.” 948 
Marine Pollution Bulletin 42 (2): 91–120. 949 

Kuntz, N. M., D. I. Kline, S. A. Sandin, and F. Rohwer. 2005. “Pathologies and Mortality Rates Caused by Organic Carbon and Nutrient Stressors in 950 
Three Caribbean Coral Species.” Marine Ecology Progress Series 294: 173–180. 951 

Lapointe, Brian E., Rachel A. Brewton, Laura W. Herren, James W. Porter, and Chuanmin Hu. 2019. “Nitrogen Enrichment, Altered Stoichiometry, and 952 
Coral Reef Decline at Looe Key, Florida Keys, USA: A 3-Decade Study.” Marine Biology 166 (8). https://doi.org/10.1007/s00227-019-3538-9. 953 

Muscatine, L., P. G. Falkowski, Z. Dubinsky, P. A. Cook, and L. R. McCloskey. 1989. “The Effect of External Nutrient Resources on the Population 954 
Dynamics of Zooxanthellae in a Reef Coral.” Proceedings of the Royal Society of London 236 (1284): 311–324. 955 

Nordemar, I., M. Nyström, and R. Dizon. 2003. “Effects of Elevated Seawater Temperature and Nitrate Enrichment on the Branching Coral Porites 956 
Cylindrica in the Absence of Particulate Food.” Marine Biology 142 (4): 669–677. 957 

Pogoreutz, Claudia, Nils Rädecker, Anny Cárdenas, Astrid Gärdes, Christian R. Voolstra, and Christian Wild. 2017. “Sugar Enrichment Provides 958 
Evidence for a Role of Nitrogen Fixation in Coral Bleaching.” Global Change Biology 23 (9): 3838–3848. 959 

Renegar, D. A., and B. M. Riegl. 2005. “Effect of Nutrient Enrichment and Elevated CO2 Partial Pressure on Growth Rate of Atlantic Scleractinian 960 
Coral Acropora Cervicornis.” Marine Ecology Progress Series 293: 69–76. 961 

Rosic, Nedeljka, Paulina Kaniewska, Chon-Kit Kenneth Chan, et al. 2014. “Early Transcriptional Changes in the Reef-Building Coral Acropora Aspera 962 
in Response to Thermal and Nutrient Stress.” BMC Genomics 15 (December): 1052. 963 

Rosset, Sabrina, Cecilia D’Angelo, and Jörg Wiedenmann. 2015. “Ultrastructural Biomarkers in Symbiotic Algae Reflect the Availability of Dissolved 964 
Inorganic Nutrients and Particulate Food to the Reef Coral Holobiont.” Frontiers in Marine Science 2 (November). 965 
https://doi.org/10.3389/fmars.2015.00103. 966 

Rosset, Sabrina, Jörg Wiedenmann, Adam J. Reed, and Cecilia D’Angelo. 2017. “Phosphate Deficiency Promotes Coral Bleaching and Is Reflected by 967 
the Ultrastructure of Symbiotic Dinoflagellates.” Marine Pollution Bulletin 118 (1-2): 180–187. 968 

Shantz, Andrew A., and Deron E. Burkepile. 2014. “Context-Dependent Effects of Nutrient Loading on the Coral-Algal Mutualism.” Ecology 95 (7): 969 
1995–2005. 970 

Shantz, Andrew A., Nathan P. Lemoine, and Deron E. Burkepile. 2016. “Nutrient Loading Alters the Performance of Key Nutrient Exchange 971 
Mutualisms.” Ecology Letters 19 (1): 20–28. 972 

Shaver, Elizabeth C., Andrew A. Shantz, Ryan McMinds, Deron E. Burkepile, Rebecca L. Vega Thurber, and Brian R. Silliman. 2017. “Effects of 973 
Predation and Nutrient Enrichment on the Success and Microbiome of a Foundational Coral.” Ecology 98 (3): 830–839. 974 

Silbiger, Nyssa J., Craig E. Nelson, Kristina Remple, et al. 2018. “Nutrient Pollution Disrupts Key Ecosystem Functions on Coral Reefs.” Proceedings. 975 
Biological Sciences 285 (1880): 20172718. 976 

Snidvongs, A., and R. A. Kinzie III. 1994. “Effects of Nitrogen and Phosphorus Enrichment on in Vivo Symbiotic Zooxanthellae of Pocillopora 977 
Damicornis.” Marine Biology 118 (4): 705–711. 978 

Stambler, N., Nurit Popper, Z. Dubinsky, and J. Stimson. 1991. “Effects of Nutrient Enrichment and Water Motion on the Coral Pocillopora Damicornis.” 979 
Pacific Science 45 (July): 299–307. 980 

Vega Thurber, Rebecca L., Deron E. Burkepile, Corinne Fuchs, Andrew A. Shantz, Ryan McMinds, and Jesse R. Zaneveld. 2014. “Chronic Nutrient 981 
Enrichment Increases Prevalence and Severity of Coral Disease and Bleaching.” Global Change Biology 20 (2): 544–554. 982 

Voss, Joshua D., and Laurie L. Richardson. 2006. “Nutrient Enrichment Enhances Black Band Disease Progression in Corals.” Coral Reefs 25 (4): 983 
569–576. 984 

Wang, Lu, Andrew A. Shantz, Jérôme P. Payet, et al. 2018. “Corals and Their Microbiomes Are Differentially Affected by Exposure to Elevated 985 

http://paperpile.com/b/Gx6O6l/jQKOR
http://paperpile.com/b/Gx6O6l/jQKOR
http://paperpile.com/b/Gx6O6l/jQKOR
http://paperpile.com/b/Gx6O6l/jQKOR
http://paperpile.com/b/Gx6O6l/Gwpi1
http://paperpile.com/b/Gx6O6l/Gwpi1
http://paperpile.com/b/Gx6O6l/Gwpi1
http://paperpile.com/b/Gx6O6l/Gwpi1
http://paperpile.com/b/Gx6O6l/qF1jb
http://paperpile.com/b/Gx6O6l/qF1jb
http://paperpile.com/b/Gx6O6l/qF1jb
http://paperpile.com/b/Gx6O6l/qF1jb
http://paperpile.com/b/Gx6O6l/84gbF
http://paperpile.com/b/Gx6O6l/84gbF
http://paperpile.com/b/Gx6O6l/84gbF
http://paperpile.com/b/Gx6O6l/84gbF
http://paperpile.com/b/Gx6O6l/84gbF
http://paperpile.com/b/Gx6O6l/84gbF
http://paperpile.com/b/Gx6O6l/84gbF
http://paperpile.com/b/Gx6O6l/NSmbk
http://paperpile.com/b/Gx6O6l/NSmbk
http://paperpile.com/b/Gx6O6l/NSmbk
http://paperpile.com/b/Gx6O6l/NSmbk
http://paperpile.com/b/Gx6O6l/0Hs5V
http://paperpile.com/b/Gx6O6l/0Hs5V
http://paperpile.com/b/Gx6O6l/0Hs5V
http://paperpile.com/b/Gx6O6l/0Hs5V
http://paperpile.com/b/Gx6O6l/PohLW
http://paperpile.com/b/Gx6O6l/PohLW
http://paperpile.com/b/Gx6O6l/PohLW
http://paperpile.com/b/Gx6O6l/PohLW
http://paperpile.com/b/Gx6O6l/dXPMi
http://paperpile.com/b/Gx6O6l/dXPMi
http://paperpile.com/b/Gx6O6l/dXPMi
http://paperpile.com/b/Gx6O6l/dXPMi
http://paperpile.com/b/Gx6O6l/obIZN
http://paperpile.com/b/Gx6O6l/obIZN
http://paperpile.com/b/Gx6O6l/obIZN
http://paperpile.com/b/Gx6O6l/Kpxzw
http://paperpile.com/b/Gx6O6l/Kpxzw
http://paperpile.com/b/Gx6O6l/Kpxzw
http://paperpile.com/b/Gx6O6l/Kpxzw
http://paperpile.com/b/Gx6O6l/oKSYU
http://paperpile.com/b/Gx6O6l/oKSYU
http://paperpile.com/b/Gx6O6l/oKSYU
http://paperpile.com/b/Gx6O6l/oKSYU
http://paperpile.com/b/Gx6O6l/cvH0c
http://paperpile.com/b/Gx6O6l/cvH0c
http://paperpile.com/b/Gx6O6l/cvH0c
http://paperpile.com/b/Gx6O6l/cvH0c
http://dx.doi.org/10.1007/s00227-019-3538-9
http://paperpile.com/b/Gx6O6l/cvH0c
http://paperpile.com/b/Gx6O6l/rHj15
http://paperpile.com/b/Gx6O6l/rHj15
http://paperpile.com/b/Gx6O6l/rHj15
http://paperpile.com/b/Gx6O6l/rHj15
http://paperpile.com/b/Gx6O6l/qs95o
http://paperpile.com/b/Gx6O6l/qs95o
http://paperpile.com/b/Gx6O6l/qs95o
http://paperpile.com/b/Gx6O6l/qs95o
http://paperpile.com/b/Gx6O6l/JOzlc
http://paperpile.com/b/Gx6O6l/JOzlc
http://paperpile.com/b/Gx6O6l/JOzlc
http://paperpile.com/b/Gx6O6l/JOzlc
http://paperpile.com/b/Gx6O6l/Wwzc5
http://paperpile.com/b/Gx6O6l/Wwzc5
http://paperpile.com/b/Gx6O6l/Wwzc5
http://paperpile.com/b/Gx6O6l/Wwzc5
http://paperpile.com/b/Gx6O6l/754RD
http://paperpile.com/b/Gx6O6l/754RD
http://paperpile.com/b/Gx6O6l/754RD
http://paperpile.com/b/Gx6O6l/754RD
http://paperpile.com/b/Gx6O6l/PHXhQ
http://paperpile.com/b/Gx6O6l/PHXhQ
http://paperpile.com/b/Gx6O6l/PHXhQ
http://paperpile.com/b/Gx6O6l/PHXhQ
http://paperpile.com/b/Gx6O6l/PHXhQ
http://dx.doi.org/10.3389/fmars.2015.00103
http://paperpile.com/b/Gx6O6l/PHXhQ
http://paperpile.com/b/Gx6O6l/bG8S2
http://paperpile.com/b/Gx6O6l/bG8S2
http://paperpile.com/b/Gx6O6l/bG8S2
http://paperpile.com/b/Gx6O6l/bG8S2
http://paperpile.com/b/Gx6O6l/u5RQj
http://paperpile.com/b/Gx6O6l/u5RQj
http://paperpile.com/b/Gx6O6l/u5RQj
http://paperpile.com/b/Gx6O6l/u5RQj
http://paperpile.com/b/Gx6O6l/xsrS4
http://paperpile.com/b/Gx6O6l/xsrS4
http://paperpile.com/b/Gx6O6l/xsrS4
http://paperpile.com/b/Gx6O6l/xsrS4
http://paperpile.com/b/Gx6O6l/2AhYS
http://paperpile.com/b/Gx6O6l/2AhYS
http://paperpile.com/b/Gx6O6l/2AhYS
http://paperpile.com/b/Gx6O6l/2AhYS
http://paperpile.com/b/Gx6O6l/RygQv
http://paperpile.com/b/Gx6O6l/RygQv
http://paperpile.com/b/Gx6O6l/RygQv
http://paperpile.com/b/Gx6O6l/RygQv
http://paperpile.com/b/Gx6O6l/TxchF
http://paperpile.com/b/Gx6O6l/TxchF
http://paperpile.com/b/Gx6O6l/TxchF
http://paperpile.com/b/Gx6O6l/TxchF
http://paperpile.com/b/Gx6O6l/73Qlb
http://paperpile.com/b/Gx6O6l/73Qlb
http://paperpile.com/b/Gx6O6l/73Qlb
http://paperpile.com/b/Gx6O6l/73Qlb
http://paperpile.com/b/Gx6O6l/RTFfI
http://paperpile.com/b/Gx6O6l/RTFfI
http://paperpile.com/b/Gx6O6l/RTFfI
http://paperpile.com/b/Gx6O6l/RTFfI
http://paperpile.com/b/Gx6O6l/ieJtm
http://paperpile.com/b/Gx6O6l/ieJtm
http://paperpile.com/b/Gx6O6l/ieJtm
http://paperpile.com/b/Gx6O6l/ieJtm
http://paperpile.com/b/Gx6O6l/FwJL6


 

51 

Nutrients and a Natural Thermal Anomaly.” Frontiers in Marine Science 5 (March). https://doi.org/10.3389/fmars.2018.00101. 986 

Wiedenmann, Jörg, Cecilia D’Angelo, Edward G. Smith, et al. 2013. “Nutrient Enrichment Can Increase the Susceptibility of Reef Corals to Bleaching.” 987 
Nature Climate Change 3 (2): 160–164. 988 

Wooldridge, Scott A. 2009. “Water Quality and Coral Bleaching Thresholds: Formalising the Linkage for the Inshore Reefs of the Great Barrier Reef, 989 
Australia.” Marine Pollution Bulletin 58 (5): 745–751. 990 

Wooldridge, Scott A., and Terence J. Done. 2009. “Improved Water Quality Can Ameliorate Effects of Climate Change on Corals.” Ecological 991 
Applications 19 (6): 1492–1499. 992 

Zaneveld, Jesse R., Deron E. Burkepile, Andrew A. Shantz, et al. 2016. “Overfishing and Nutrient Pollution Interact with Temperature to Disrupt Coral 993 
Reefs down to Microbial Scales.” Nature Communications 7 (1): 11833. 994 

Zhang, Jingjing, Zanhui Huang, Yuanchao Li, et al. 2023. “Synergistic/antagonistic Effects of Nitrate/ammonium Enrichment on Fatty Acid Biosynthesis 995 
and Translocation in Coral under Heat Stress.” The Science of the Total Environment 876 (162834): 162834. 996 

 997 

 998 

http://paperpile.com/b/Gx6O6l/FwJL6
http://paperpile.com/b/Gx6O6l/FwJL6
http://paperpile.com/b/Gx6O6l/FwJL6
http://dx.doi.org/10.3389/fmars.2018.00101
http://paperpile.com/b/Gx6O6l/FwJL6
http://paperpile.com/b/Gx6O6l/tKipF
http://paperpile.com/b/Gx6O6l/tKipF
http://paperpile.com/b/Gx6O6l/tKipF
http://paperpile.com/b/Gx6O6l/tKipF
http://paperpile.com/b/Gx6O6l/8MkGV
http://paperpile.com/b/Gx6O6l/8MkGV
http://paperpile.com/b/Gx6O6l/8MkGV
http://paperpile.com/b/Gx6O6l/8MkGV
http://paperpile.com/b/Gx6O6l/Fqy2p
http://paperpile.com/b/Gx6O6l/Fqy2p
http://paperpile.com/b/Gx6O6l/Fqy2p
http://paperpile.com/b/Gx6O6l/Fqy2p
http://paperpile.com/b/Gx6O6l/xHdtH
http://paperpile.com/b/Gx6O6l/xHdtH
http://paperpile.com/b/Gx6O6l/xHdtH
http://paperpile.com/b/Gx6O6l/xHdtH
http://paperpile.com/b/Gx6O6l/t3ZiL
http://paperpile.com/b/Gx6O6l/t3ZiL
http://paperpile.com/b/Gx6O6l/t3ZiL
http://paperpile.com/b/Gx6O6l/t3ZiL

