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Abstract 
 

What Impact Do Multiple Environmental Drivers Have Upon Marine 
Diazotrophy? 

 
Lewis Wrightson 

 
Marine phytoplankton are a crucial component of the ocean’s response to climate 
change. Ocean primary productivity consumes carbon through photosynthesis, which 
drives the ocean carbon cycle and provides biomass to fuel marine food webs. 
Throughout much of the oligotrophic ocean primary productivity is limited by the 
availability of so-called major nutrients, in particular nitrogen. Nitrogen is supplied to 
the upper ocean through several mechanisms, but emphasis to date has been placed on 
the physical supply of nitrogen via upwelling. Warming in the future is predicted to 
enhance stratification, which by reducing the supply of nutrients from depth 
exacerbates nutrient limitation of marine primary producers. Marine nitrogen fixation 
is a key additional source of new nitrogen to the ocean, but the importance of nitrogen 
fixation to primary production has been overlooked. The response of marine nitrogen 
fixation to climate change may act to fuel primary production, alleviating the nitrogen 
limitation that is imposed by stratification. The aim of this thesis is to explore how 
multiple environmental drivers impact marine diazotrophy and how marine nitrogen 
fixation will respond to climate change in order to identify the implications for marine 
net primary productivity in the future. 
 
Earth System Models provide an efficient mechanism to investigate how ocean 
processes will respond to climate change in the future. An intercomparison of current 
nitrogen fixation Earth System Models is performed to identify and synthesise the 
trends in nitrogen fixation projected by different modelling approaches. It is shown 
that large disagreement in spatial patterns and magnitudes of nitrogen fixation occurs 
between the models but on the whole nitrogen fixation is predicted to decline globally. 
Time of emergence analysis is used to identify that the climate driven trend in nitrogen 
fixation emerges earlier than that of net primary productivity. This highlights that 
changes in nitrogen fixation will likely shape regional patterns of marine primary 
productivity in the future. However, the low model skill and lack of agreement 
suggests that nitrogen fixation is a key uncertainty in climate change projections and 
a need for a new generation of nitrogen fixation models that account for the role of 
multiple environmental drivers. 
 
To further explore the impact of multiple concurrent drivers and in response to the 
need for a new generation of nitrogen fixation models a new explicit diazotroph 
phytoplankton functional type is developed for the optimal allocation-based PISCES-
QUOTA Earth System Model. It is shown that the model produces sensible output 
which allows for the comparison with the original implicit nitrogen fixation scheme. 
Globally, slight differences occur in the rate of nitrogen fixation between the explicit 
and implicit model, but large regional differences are present especially in the Pacific 
which shapes the global response. Climate driven declines in nitrogen fixation and net 
primary productivity are predicted, but again the climate driven trend in nitrogen 
fixation is shown to emerge earlier than net primary productivity further suggesting 
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that the response of nitrogen fixation to climate change will impact future patterns of 
primary productivity.  
 
Warming in the future is likely to have multiple impacts on marine phytoplankton and 
will affect how an organism responds to climate change in the future. To investigate 
the role of temperature on marine diazotrophy the model is adapted to account for the 
thermal fitness of two marine diazotrophs, Trichodesmium and Crocosphaera. 
Thermal performance curves of growth and elemental use efficiencies for both 
diazotrophs are incorporated into the model to account for the direct and indirect 
effects of temperature on diazotrophy. It is revealed that globally, nitrogen fixation is 
predicted to decline, with similar magnitudes of decline occurring for both 
diazotrophs. Regionally, the Pacific Ocean responds differently for each diazotroph 
and shapes their overall climate response. Broadly, the spatial patterns of nitrogen 
fixation are similar with increases in the high latitudes and decreases in the low 
latitudes. By applying environmental grouping 95-97% of the nitrogen fixation signal 
can be explained by either indirect or direct temperature effects, with decreases in 
nitrogen fixation being associated with a changing niche whilst increases were being 
driven by a combination of changing niche and physiology. The region of thermal 
stress is also shown to roughly double by the end of the century indicating that unless 
thermal adaptation is possible diazotrophs may be excluded from low latitude regions 
in the future. 
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Chapter 1 

Introduction 
 

The ocean is a crucial component of the Earth’s response to a changing climate. Ocean 

primary productivity is the process by which marine phytoplankton generate biomass 

through photosynthesis, fuelling marine food webs and providing half of the world’s 

oxygen supply whilst capturing CO2 from the atmosphere. Rates of primary production 

are controlled by phytoplankton growth dynamics which can be limited by various 

environmental drivers such as temperature, light, nutrient availability, and grazing, all 

of which interact to define the environmental niche of a specific phytoplankton (Boyd 

et al., 2010, Thomas et al., 2012). Nutrients essential for growth include a suite of 

macronutrients and trace elements. The most well understood of these elements are 

nitrogen (N), phosphorous (P) and iron (Fe) all of which can limit primary production 

(Falkowski et al., 1998, Moore et al., 2013a). In regions where nutrients are limiting 

primary production, any additional supply of the limiting nutrient will promote growth 

and primary production benefitting the phytoplankton community. The element of 

focus for this study is N and the key additional supply of N is marine nitrogen fixation. 

 

1.1. Nitrogen Balance in the Ocean 

 
Nitrogen (N) in the natural world is an essential requirement for survival and growth 

of all life, acting as a key component of nucleic acids (DNA and RNA) and proteins 

(including enzymes) required for biochemical structures and physiological processes. 

In the marine environment, phytoplankton require N for photosynthesis and in large 

regions of the global ocean N is the main limiting nutrient of primary productivity 

(Moore et al., 2013a). The global ocean N inventory is primarily controlled by two 

biological processes, nitrogen fixation and denitrification, with nitrogen fixation being 

a source of new N and denitrification acting as a sink resulting in the removal of N. 

Here, denitrification is used as a generic term to represent the removal of bioavailable 

N from the ocean, however, the nitrogen cycle is more complex involving several key 

processes performed by microbes. Nitrogen fixation converts dinitrogen (N2) gas to 
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ammonia (NH3) which can be used as a source of N by phytoplankton (Gruber, 2008, 

Sohm et al., 2011). Under aerobic conditions nitrification occurs, which firstly 

converts NH3 into nitrite (NO2-) by ammonium oxidation and then converts NO2- into 

nitrate (NO3-) through nitrite oxidation, both NO2- and NO3- can be up taken and used 

as a source of N by phytoplankton. Under anaerobic conditions this fixed N in the form 

of NO3- is transformed back into N2 by denitrification removing fixed N from the 

system, another consequence of denitrification is the release of the greenhouse gas, 

nitrous oxide (N2O). The final process involved in the nitrogen cycle is annamox 

which is an anaerobic version of ammonium oxidation which converts NH3 to N2 using 

NO2- as an electron receptor (Gruber, 2008). Whether the marine nitrogen budget is 

balanced has been and is still a topic of debate. Early studies suggested that the global 

ocean was a net sink of nitrogen, however the majority of emphasis was placed upon 

denitrification (McElroy, 1983, Codispoti and Christensen, 1985). It was put forward 

by McElroy (1983) that the residence time of fixed N in the ocean was ~10,000 years 

and therefore changes in the fixed N budget may have occurred during the transition 

from glacial to interglacial periods. Several studies have however suggested that the 

oceanic fixed N inventory is more dynamic with a reduced residence time of ~1,500 

to 3,000 years which is currently the best estimate (Codispoti, 1995, Codispoti et al., 

2001, Somes et al., 2013).  

 

It is currently believed that two feedback mechanisms operate to stabilise the marine 

N inventory. The first is driven by increased denitrification at depth which reduces the 

concentration of fixed N relative to phosphate (PO4) in deep waters, thus reducing the 

supply of fixed N to the surface waters via upwelling. Lower fixed N concentrations 

relative to PO4 at the surface would cause phytoplankton to become N limited, 

reducing productivity and biomass leading to decreased export production. As a 

consequence of decreased export production, both the supply of organic N to depth 

and oxygen consumption at depth would decrease resulting in decreased denitrification 

(Codispoti, 1989, Gruber 2004). The second feedback occurs when the surface fixed 

N inventory decreases relative to PO4 due to enhanced denitrification, which drives N 

limitation of non-diazotrophs at the surface. This provides diazotrophs with a 

competitive advantage over non-diazotrophs increasing rates of nitrogen fixation and 

the supply of N to the ocean (Codispoti,1989, Tyrrell, 1999, Deutsch et al., 2007). It 

is believed that these two stabilising feedbacks operate on timescales <1000 years 
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(Moore and Doney, 2007, Knapp, 2012). A study by Gruber and Sarmiento (1997) 

investigated patterns of nitrogen fixation and denitrification using the quasi 

conservative tracer N* which quantifies deviations in the N:P ratio from the Redfield 

ratio of 16:1. An increase in N* indicates an increase in N relative to P which occurs 

as a result of nitrogen fixation being greater than denitrification (source) on some local 

scale. A decrease in N* indicates the opposite (sink). Using the N* approach the 

authors highlighted regions of the ocean that acted as net sources (North Atlantic 

Ocean and the Mediterranean Sea) and net sinks (Indian Ocean and Southern 

Equatorial Pacific Ocean) of fixed N. On a global scale, it was concluded that by using 

the N* approach the oceanic fixed N balance was roughly balanced with total sources 

supplying 231 ± 44 Tg N yr-1 and total sinks removing 204 ± 30 Tg N yr-1. There are 

still two opposing views on the N balance in the literature (Table 1.1). One view is that 

the global ocean is a net sink of fixed N (Codispoti et al., 2001, Galloway et al., 2004, 

Codispoti, 2007, Voss et al., 2013) and this imbalance may be occurring due to 

measurements of nitrogen fixation and denitrification underestimating the magnitude 

of both of these processes (Codispoti, 2007). The second opinion suggests that the 

fixed N inventory is in balance (Gruber and Sarmiento, 1997, Gruber and Sarmiento, 

2002, Gruber, 2004, Gruber and Galloway, 2008, DeVries et al., 2012). Several 

sources have been overlooked and more recently the importance of fluvial and 

anthropogenic N supply has been highlighted, with fluvial and anthropogenic sources 

supplying 34 Tg N yr-1 and 39 Tg N yr-1 respectively. However, the magnitudes of 

these sources are small compared to nitrogen fixation but may account for a proportion 

of the imbalances in previous studies (Jickells et al., 2017).  

 

Due to the important role of nitrogen fixation in supplying N to fuel primary 

productivity, any climate driven changes to nitrogen fixation are crucial to understand 

how the ocean will respond in the future. One approach used to assess how diazotrophy 

operates in the context of a changing climate has been to use Earth System Models 

(Aumont and Bopp, 2006, Zahariev et al., 2008, Dunne et al., 2013, Moore et al., 

2013b, Ilyina et al., 2013, Kwiatkowski et al., 2018). In order to account for the 

magnitude of marine nitrogen fixation and assess its importance for ocean primary 

productivity, an understanding of the process and drivers which control the patterns 

and magnitude of oceanic nitrogen fixation is required.  
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Table 1.1. Marine nitrogen budget compiled from several studies. Values in red shading 

indicate the studies that suggest the global ocean is a net sink of N and those in green suggest 

that the fixed N inventory is balanced. 

Fixed N Budget 
Codispoti 

et al., 
(2001) 

Gruber and 
Sarimento 

(2002) 

Galloway 
et al. 

(2004) 

Gruber 
(2004) 

Codispoti 
(2007) 

Gruber and 
Galloway 

(2008) 

DeVries 
et al. 

(2012) 

Voss et 
al. 

(2013) 

Total sources of 
fixed N (Tg N yr-1) 294 238 ± 44 202 265 ± 55 241 269 140 to 

285 273 

Total sinks of 
fixed N (Tg N yr-1) 482 204 ± 30 342 275 ± 55 479 270 230 ± 60 310 

Net                            
(Sources - Sinks) -188 24 -140 -10 ± 110 -238 -1 -20 ± 74 -37 

 

 

1.2. What is Diazotrophy? 
 
Diazotrophy, or marine nitrogen fixation is a major source of new N to the surface 

ocean supplying 68 - 164 Tg N yr-1 (Gruber and Sarmiento, 1997, Luo et al., 2012, 

Luo et al., 2014, Jickells et al., 2017, Tang et al., 2019a, Wang et al., 2019). In regions 

where surface waters are deficient in N, phytoplankton growth may be limited and 

therefore primary production will reduce which in turn inhibits the ability of the ocean 

to take up carbon dioxide (CO2) and produce oxygen (O2). In N limited regions, such 

as the North Atlantic Ocean the additional supply of N from nitrogen fixation can be 

crucial to supporting ocean primary productivity (Moore et al., 2013a). As discussed 

above, the process of nitrogen fixation (Equation 1.1) involves the conversion of 

dissolved dinitrogen (N2) to ammonia (NH3) by organisms known as diazotrophs 

(Sohm et al., 2011). The equation for nitrogen fixation is: 

 

N2 + 8H+ + 16ATP + 8e- ® 2NH3 + H2 + 16ADP + 16P   (Equation 1.1) 

 

Nitrogen fixation is facilitated by the metalloenzyme, nitrogenase, a relatively Fe rich 

protein which has been suggested to increase the Fe demand of diazotrophy 5-fold 

compared to a non-diazotrophic autotrophs (Raven, 1988, Kustka et al., 2003). 

Another associated cost of diazotrophy is the high energetic requirement needed to 

break the triple N bond of N2 (Monteiro et al., 2010). Nitrogen fixation in the marine 

environment was first considered to be important after a study by Dugdale et al. (1961) 

in the Sargasso Sea, where the nitrogen fixing capabilities of the marine colonial 

cyanobacterium Trichodesmium were first identified (Zehr and Capone, 2021). Since 

then, Trichodesmium has become one of the most widely studied diazotrophs in both 
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the oceans and laboratories as it is one of only four marine diazotroph species that have 

been successfully cultured. Trichodesmium  is thought to supply ~60 – 80 Tg N yr-1 to 

the ocean (Mahaffey et al., 2005, Carpenter and Capone, 2008) which is a major 

component of total global nitrogen fixation and until recently it was believed to be the 

dominant diazotroph in the ocean. However, advances in molecular techniques have 

illustrated the diversity of marine diazotrophs, including many diverse unicellular 

cyanobacteria, both free living (Crocosphaera) and symbiotic (UCYN-A), with 

UCYN-A suggested to be more dominant globally than Trichodesmium (Martinez-

Perez et al., 2016). Currently, no estimates of the supply of N to the ocean from 

unicellular diazotrophs exists. However, due to the broader distribution and higher 

growth rates of UCYN-A compared to Trichodesmium, it has been suggested that 

UCYN-A is a major contributor to global marine nitrogen fixation, particularly in 

coastal regions which have been hypothesised to supply 16.7 Tg N yr-1 (Martinez-

Perez et al., 2016, Tang et al., 2019b). Alongside these unicellular diazotrophs, 

heterotrophic diazotrophs that are able to occupy ecological niches which are 

unfavourable to autotrophic diazotrophs and diazotrophs that can form symbiotic 

relationships with several marine diatoms to form diatom diazotroph associations have 

also been identified (Carpenter et al., 1999, Rahav et al., 2013, Benavides et al., 2016, 

Zehr and Capone, 2020). Heterotrophic diazotrophs have been broadly estimated to 

supply 13 – 134 Tg N yr-1 and may play a major role in the supply of N to the Arctic 

Ocean (Benavides et al., 2018, von Friesen and Riemann, 2020).  

 

1.3. Modelling Marine Nitrogen Fixation 
 

Models representing marine nitrogen fixation are efficient tools that can be used to 

explore patterns and drivers of marine nitrogen fixation. Various modelling 

approaches have been used to represent marine diazotrophy ranging from relatively 

simplistic implicit approaches where diazotrophy is parameterised as a simple Monod 

equation based upon growth rate and external resource availability (e.g. temperature, 

light and nutrients (Monod, 1949, Aumont et al., 2015, Inomura et al., 2020)), to more 

complex cellular models which aim to evaluate metabolic fluxes within a diazotroph 

cell (Nicholson et al., 2018, Inomura et al., 2019, Sarkar et al., 2021). Often, these 

modelling strategies are embedded within ecosystem models where the diazotroph 

competes with other phytoplankton functional types (PFT) for resources. Ecosystem 
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models often form a component of ocean biogeochemical models that are used to 

explore how biology, biogeochemistry and physics interact in the ocean on regional 

and global scales (Inomura et al., 2020). In many ocean biogeochemical models, the 

PFTs within the model are based upon prescribed characteristics of specific organisms 

often obtained from observations. However, some models allow the phytoplankton 

community structure to emerge based on interactions with the environment, 

competition, and grazing (Dutkiewicz et al., 2009, Monteiro et al., 2010). These ocean 

biogeochemical models can be incorporated into Earth System Models (ESM) which 

couple models of the atmosphere, land, cryosphere, and ocean to represent the 

complete climate system (Hajima et al., 2014, Kawamiya et al., 2020). ESMs are very 

efficient tools that can be used to assess the impact of a changing climate on the ocean. 

ESMs represent diazotrophy with a range of complexity, either explicitly in the form 

of a distinct phytoplankton functional type (PFT, (Dunne et al., 2013, Moore et al., 

2013b)) or using an implicit parameterisation (Aumont and Bopp, 2006, Zahariev et 

al., 2008, Ilyina et al., 2013, Kwiatkowski et al., 2018). Despite the inherent diversity 

of diazotrophs discussed above, the ESMs that account for nitrogen fixation are 

generally based upon the most well understood diazotroph, Trichodesmium. The 

explicit PFT approach enables diazotrophs to be affected by both bottom-up controls 

(nutrient limitation) and top-down controls (grazing), whilst rates of nitrogen fixation 

are a function of diazotroph growth rates and biomass. The implicit models can either 

calculate nitrogen fixation as a rate which is dependent upon a combination of 

environmental factors such as temperature and nutrient availability (bottom up) or can 

use nitrogen fixation as a restoring mechanism to replenish the ocean N inventory. 

Either way the implicit models don’t account for the role of top-down controls on 

diazotrophy. However, the underpinning of diazotrophy within ESMs requires an 

understanding of the environmental drivers of marine nitrogen fixation and how these 

drivers will respond under a changing climate. 

 

1.4. Environmental Drivers of Marine Diazotrophy 
 

1.4.1. Temperature and Light 
 
Marine autotrophic diazotrophs, like all phytoplankton, have several environmental 

requirements that must be satisfied if they are to survive and grow in the ocean. Marine 

diazotrophy was traditionally believed to occur in the tropical and subtropical oceans 
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where warm temperatures and high light can support the energetically costly process 

of nitrogen fixation. This was primarily due to a tropical sampling bias of diazotrophs 

driven by the occurrence of large visible blooms of the colonial cyanobacterium, 

Trichodesmium in tropical regions (Dugdale et al., 1961, Capone et al., 2005, Luo et 

al., 2014, Tang et al., 2019a). Temperature underpins much of diazotroph physiology 

with the habitable temperature range of the diazotroph defining its ecological niche. 

Most of our understanding of the impact of temperature on diazotrophy comes from 

laboratory-based experiments which have been based on Trichodesmium and 

Crocosphaera; these experiments have shown that the thermal window for 

Trichodesmium and Crocosphaera is 17 – 35oC and 20 – 35oC respectively (Boyd et 

al., 2013, Jiang et al., 2018, Yang et al., 2021). At the lower end of the thermal window, 

diazotroph growth may be restricted due to reduced reaction rates of key metabolic 

functions and enzymes, impacting processes such as the rate of protein synthesis and 

nutrient assimilation, which would ultimately hamper growth (Toseland et al., 2013). 

At the opposite end of the thermal window, high temperatures may lead to the 

denaturation of key enzymes decreasing their efficiency, this would reduce the rate of 

processes required for growth such as nitrogen fixation and photosynthesis. This may 

also increase the nutrient demand to produce more enzymes to account for reduced 

efficiency (Serra-Maia et al., 2016, Grimaud et al., 2017). Studies based on these two 

diazotrophs further suggested that nitrogen fixation was restricted to warm waters of 

the subtropics and tropics. In these low latitude regions light levels in the surface are 

high, but even in these high energy environments the growth rates of cyanobacterial 

diazotrophs have been shown to be low relative to other autotrophs (Capone et al., 

1997, Breitbarth et al., 2007, Monteiro et al., 2011). This is likely due to the high 

energetic requirement to break the N triple bond of N2, which suggests that if 

diazotrophs moved away from the low latitudes light levels may be insufficient to 

sustain growth. The discovery of heterotrophic diazotrophs has expanded the 

ecological niche of marine nitrogen fixation into anoxic, low light and cold 

environments (Rahav et al., 2013, González et al., 2014, Martinez-Perez et al., 2016).  

 

1.4.2. Nutrients  
 
Diazotrophs like all phytoplankton require a suite of nutrients to grow, of particular 

importance are iron (Fe) and phosphorus (P). As discussed above Fe is required for 
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nitrogenase, the enzyme which facilitates nitrogen fixation and increases the Fe 

requirement of diazotrophs 5-fold (Kustka et al., 2003). Studies have shown that 

increasing the Fe concentration can promote growth and nitrogen fixation both in 

culture (Berman-Frank et al., 2007, Langlois et al., 2012) and in natural populations 

(Benavides et al., 2013), with Trichodesmium being particularly effective at accessing 

dissolved Fe from aeolian dust (Rubin et al., 2011). Aeolian dust deposition acts as a 

key source of Fe to the surface oligotrophic ocean which can promote diazotrophy in 

regions where Fe is limiting nitrogen fixation (Mills et al., 2004). The availability of 

P can also impact diazotrophy. Throughout much of the ocean N and P are the 

dominant limiting elements of phytoplankton growth (Moore et al., 2013a). Since 

diazotrophs provide their own N supply, they cannot be limited by N. When N is 

replete in the surface ocean, other autotrophs outcompete diazotrophs for nutrients 

such as P due to higher growth rates.  

 

Although diazotrophs cannot be limited by the availability of N it is believed that 

nitrogen fixation can be inhibited when other forms of N such as nitrate (NO3) and 

ammonia (NH3) are present, due to the reduced energetic cost of assimilating NO3 and 

NH3 compared to fixing N2 (Mulholland et al., 2001, Holl and Montoya, 2005, Knapp, 

2012). The rapid drawdown of P by autotrophs limits the availability of P to 

diazotrophs resulting in diazotrophy being restricted. Diazotrophs however, thrive 

when primary production is N limited. Generally in these environments non-

diazotrophs drawdown N to limiting concentrations or upwelling of low N:P water 

causes autotroph biomass to decline and leaves behind excess P which fuels nitrogen 

fixation and supplies N to the autotrophic community promoting primary production 

(Karl and Letelier, 2008, Mills and Arrigo, 2010, Subramaniam et al., 2013). 

Diazotrophs have also adapted to low phosphate (PO4) conditions and are able to 

access P in the form of dissolved organic phosphorus (DOP) which can alleviate P 

limitation in low PO4 environments (Dyhrman et al., 2002, Dyhrman et al., 2006). The 

degree of adaptation to low P conditions and ability to access forms of DOP varies 

amongst diazotrophs with both Trichodesmium and Crocosphaera being able to 

deploy the enzyme, alkaline phosphatase to access phosphomonoesters (Dyhrman and 

Haley, 2006, Orchard et al., 2009). Trichodesmium has also been observed to deploy 

high affinity P acquisition strategies allowing for growth using phosphonates and 

polyphosphate, whilst Crocosphaera cannot (Dyhrman et al., 2006, Orchard et al., 



 9 

2010). The impact of Fe and P availability on nitrogen fixation has been suggested to 

control the distribution of diazotrophs with high Fe providing a niche for 

Trichodesmium in the North Atlantic but they are limited by P, whilst regions with low 

Fe but with increased P availability such as the Pacific, Indian and South Atlantic 

oceans promote unicellular diazotrophs (Sohm et al., 2008, Moore et al., 2009, Sohm 

et al., 2011, Zehr and Capone, 2020). In some regions of the ocean such as the Eastern 

North Atlantic it has been suggested that diazotrophs could be Fe-P co-limited (Mills 

et al., 2004). A recent metaproteomic study highlighted that Fe-P co-stress may be 

considered the normal conditions that Trichodesmium is exposed to in the North 

Atlantic (Held et al., 2020). Further to this, when Trichodesmium was subjected to Fe-

P co-stress in the laboratory growth rates were enhanced (Walworth et al., 2016). 

 

1.4.3. Oxygen 
 
Oxygen (O2) can have a detrimental effect on diazotrophy through the irreversible 

denaturing of the nitrogenase enzyme (Robson and Postgate, 1980, Giller and 

Mapfumo, 2002, Zehr, 2011). Cyanobacterial diazotrophs are required to perform 

carbon fixation which produces oxygen within the same cell or colony that is also 

required to perform nitrogen fixation. This has led to the development of several 

strategies which are employed by cyanobacterial diazotrophs to protect nitrogenase 

from oxygen inactivation (Berman-Frank et al., 2007).  

 

Temporal segregation is employed by unicellular diazotrophs (e.g. Crocosphaera), 

throughout the day the cell performs photosynthesis whilst at night nitrogen fixation 

occurs coinciding with high respiration rates which are required to consume the excess 

O2 that has been produced through photosynthesis (Berman-Frank et al., 2007). This 

temporal strategy also allows for repurposing of cellular iron from photosynthetic 

machinery to nitrogenase to meet cellular Fe demands (Tuit et al., 2004).  

 

Spatial segregation is employed by heterocystous cyanobacteria (e.g. Anabaena), these 

diazotrophs contain heterocysts which are anaerobic cells where nitrogen fixation can 

occur, isolating nitrogenase from oxygen produced in adjacent cells (Adams, 2000). 

Diazotrophs employing this strategy perform both nitrogen fixation and 
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photosynthesis simultaneously relying on spatial segregation to protect nitrogenase 

from being denatured (Berman-Frank et al., 2007).  

 

The final strategy is a hybrid of temporal and spatial segregation performed by colony 

forming filamentous cyanobacteria (e.g. Trichodesmium). Within Trichodesmium 

colonies for a portion of the cells photosynthesis, respiration and nitrogen fixation 

occur within the same cell whilst others only perform photosynthesis and respiration 

(spatial segregation, (Berman-Frank et al., 2007)). In the cells that are fixing N, the 

peak in nitrogen fixation is associated with a decrease in photosynthesis and an 

increase in oxygen consumption via the Mehler reaction providing oxygen protection 

to nitrogenase (temporal segregation, (Badger et al., 2000, Küpper et al., 2004)). 

 

1.4.4. Grazing  
 
Zooplankton grazing on marine diazotrophs has the potential to impact the growth 

rates and biomass of marine diazotrophs, influencing rates of nitrogen fixation. Studies 

have shown that mesozooplankton actively graze on all autotrophic marine 

diazotrophs (O'Neil et al., 1996, Hunt et al., 2016, Conroy et al., 2017). However, it 

has been observed that some species of Trichodesmium can produce toxins which may 

limit the number of predators and reduce grazing pressures (LaRoche and Breitbarth, 

2005). Observations of microzooplankton grazing on diazotrophs are scarce, but they 

have been shown to actively graze on UCYN-A, suggesting that microzooplankton 

grazing pressure may be important for smaller unicellular diazotrophs (Turk-Kubo et 

al., 2018). A recent model study has highlighted the potential important role of grazing 

on patterns of marine nitrogen fixation, with a reduction in grazing by a factor of 0.63 

resulting in a 62% increase in global marine nitrogen fixation (Wang et al., 2019). 

Further to this it has been suggested that preferential grazing on faster growing non-

diazotrophs may provide slow growing diazotrophs with a competitive advantage 

(Landolfi et al., 2021). 

 

1.5. Impact of Climate Change on Marine Diazotrophy 
 
Warming is predicted to affect diazotrophy over the coming century which may have 

several implications for marine diazotrophs. Increasing ocean temperatures will 

impact diazotroph growth rates expanding the thermal niche of diazotrophy poleward 
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into regions that were previously too cool for diazotrophs (Fu et al., 2014). In converse, 

diazotrophs may be excluded from low latitudes regions if their thermal maximum is 

surpassed. Although increased temperatures would allow diazotrophs to migrate away 

from the tropics, these high latitude regions may not have sufficient light or nutrient 

concentrations to support nitrogen fixation, or they may have increased N 

concentrations preventing diazotrophs from being competitive. Stratification is 

projected to increase due to enhanced warming reducing the upwelling of nutrient rich 

waters to the surface oligotrophic ocean. This could result in these regions becoming 

chronically nutrient limited. If the supply of Fe or P is reduced diazotrophy may be 

restricted. However, in regions where increased stratification imposes stronger N 

limitation on the rest of the phytoplankton community, a competitive niche for 

diazotrophy may develop. Another projected impact of enhanced stratification is the 

expansion of anoxic regions (Diaz and Rosenberg, 2008). Reduced oxygen 

concentrations within the ocean interior will promote denitrification reducing the 

concentration of N leading to the expansion of N limited regions (Hutchins and Fu, 

2017, Fu et al., 2018), in turn promoting diazotrophy in regions that can support 

diazotrophs due to reduced competition by N limited phytoplankton. Temperature will 

also impact biochemical reactions which may increase the efficiency of key enzymes 

reducing the nutrient requirements of diazotrophy, promoting growth and nitrogen 

fixation in regions that were previously limited due to nutrient availability (Sohm et 

al., 2011). Elemental use efficiencies (EUE) have been used to identify how 

temperature impacts enzyme efficiency of diazotrophs and how this affects diazotroph 

nutrient demand. It has been shown that the Fe and P use efficiencies for nitrogen 

fixation increase with temperature for both Trichodesmium and Crocosphaera, 

however the thermal performance curves of the EUEs vary for both diazotrophs 

indicating that the response will differ for both diazotrophs in the future (Jiang et al., 

2018, Yang et al., 2021). As discussed above, ESMs are a tool that can be used to 

explore how climate change will impact marine diazotrophy. Throughout this thesis, 

the response of diazotrophy to climate change is explored using the IPCC 

representative concentration pathway (RCP) 8.5 climate forcing. The RCP 8.5 

scenario represents “business as usual” carbon emissions with no mitigation used in 

the IPCC 5th assessment report (IPCC, 2014). 
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1.6. Aims and Objectives 
 
The main aim of this thesis is to understand the impact of multiple environmental 

factors on marine diazotrophy, through several key objectives. 

 

1. Compare projections of nitrogen fixation for existing Earth System Models to 

gain a baseline of how current models represent diazotrophy and the inter model 

differences in climate projections of marine nitrogen fixation; 

 

2. Develop a new explicit diazotroph phytoplankton functional type for the 

PISCES-QUOTA model to investigate the impact of multiple environmental 

factors on marine diazotrophy and primary productivity within the model; 

 

3. Apply new explicit diazotroph model as a tool to explore the impact of 

temperature on diazotroph elemental use efficiencies to identify how 

diazotrophy may respond to climate change and feedback upon patterns of 

productivity. 

 

1.7. Chapter Outlines 
 
In Chapter 2, an intercomparison of existing Earth System Models which represent 

nitrogen fixation is performed. Results are then examined to establish a baseline of 

model performance and current projections. 

 

The new explicit diazotroph model for PISCES-QUOTA is described in Chapter 3. 

The results compare the implicit model to the new explicit scheme and sensitivity tests 

are performed to assess the robustness of the model. 

 

In Chapter 4, the new explicit diazotroph model is used to investigate the impact of 

temperature on two prevalent marine diazotrophs, Trichodesmium and Crocosphaera 

including a new parameterisation of the thermal performance of elemental use 

efficiencies.  

 

Conclusions are synthesised within Chapter 5 and recommendations for further work 

are discussed. 
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Chapter 2 
 

 

Quantifying the Impact of Climate Change on 

Marine Diazotrophy: Insights from Earth 

System Models 
 
 
 
 
Motivation 
 
Nitrogen fixation provides a crucial supply of new nitrogen to the surface ocean which 

can support primary production in regions of the ocean that are nitrogen limited (Bopp 

et al., 2013, Moore et al., 2013a, Moore et al., 2018). Earth System Models provide a 

tool to assess the impact of climate change on nitrogen fixation and the associated 

impact on productivity, however the parameterisation of nitrogen fixation varies 

widely between models. Previous studies have compared the projections of nitrogen 

fixation from Earth System Models, but have reported incorrect values by using 

arbitrary scaling for some models (Riche and Christian, 2018, Tang et al., 2019a). In 

this chapter, we update the previously reported global trends of nitrogen fixation from 

8 CMIP5 Earth System Models and a more recent variable stoichiometry Earth System 

Model. Further to this we discuss the regional distribution of nitrogen fixation and 

assess the timescales of change using time of emergence analysis. 
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Key Findings 

 

• Current Earth System Models predict very different spatial patterns of 

diazotrophy but in general models predict that globally diazotrophy will 

decrease in the future. 

• The climate driven trend of subtropical diazotrophy may emerge by 2040 

suggesting that changes in new nitrogen supply from diazotrophy is likely a 

component driving the trends in productivity which emerge later. 

• There is a need for a new generation of nitrogen fixation Earth System Models 

which account for the multiple interacting factors which drive nitrogen 

fixation. 

• Understanding the impact of climate on diazotrophy is crucial in order to 

determine how patterns of nutrient limitation and primary production are likely 

to respond in the future. 
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2.1. Abstract 
 

Nitrogen fixation is a major source of new nitrogen to the ocean, supporting biological 

productivity in the large nitrogen-limited tropical oceans. In Earth System Models, the 

response of nitrogen fixation to climate change acts in concert with projected changes 

to physical nitrogen supply to regulate the response of primary productivity in 

nitrogen-limited regions. We examine the response of diazotrophy from nine Earth 

System Models and find large variability in the magnitude and spatial pattern of 

nitrogen fixation in both contemporary periods and future projections. Although Earth 

System Models tend to agree that nitrogen fixation will decrease over the next century, 

strong regional variations exist, especially in the tropical Pacific which may counteract 

the response of the Atlantic and Indian oceans. As the climate driven trend of nitrogen 

fixation emerges by mid-century in the RCP8.5 scenario, on regional scales it may 

modulate the broad climate trends in productivity that emerge later in the century. The 

generally poor skill and lack of agreement amongst Earth System Models indicates 

that the climate response of nitrogen fixation is a key uncertainty in projections of 

future ocean primary production in the tropical oceans. Overall, we find that the future 

evolution of nitrogen fixation plays an important role in shaping future trends in net 

primary production in the tropics, but the poor skill of models highlights significant 

uncertainty, especially considering the role of multiple concurrent drivers. 

 

2.2. Introduction 
 

Future warming is projected to enhance ocean stratification, reducing the vertical 

supply of nutrient-rich subsurface waters to the nutrient-depleted surface waters of the 

euphotic zone in the tropical ocean in particular (Steinacher et al., 2010, Laufkötter et 

al., 2015). Two resources of particular importance in the tropics are phosphorus (P) 

and nitrogen (N), which are required for the production of DNA, ATP, proteins, 

pigments and enzymes. A reduction in the vertical supply of N and P to the surface 

ocean due to ocean warming will cause phytoplankton to become nutrient limited, 

thereby restricting their growth and net primary production (NPP), with impacts on the 

biological carbon pump (Bopp et al., 2013, Moore et al., 2013a, Moore et al., 2018). 

A common way to illustrate the impact of climate change on ocean properties is by 

using the concept of ‘time of emergence’, which assesses the time when the climate 
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change signal in a given property emerges from the background variability. Such 

analyses illustrate that changes linked to NPP can emerge much later than those 

associated with sea-surface temperature (SST) and pH (Keller et al., 2014, Frölicher 

et al., 2016, Henson et al., 2017). 

 

As dinitrogen (N2) fixation is a globally significant N supply mechanism (68 - 164 Tg 

N yr-1, (Gruber and Sarmiento, 1997, Luo et al., 2012, Luo et al., 2014, Jickells et al., 

2017, Tang et al., 2019a, Wang et al., 2019), future changes in N2 fixation by 

diazotrophs may modulate any N limitation arising from enhanced stratification. This 

means that future changes to diazotrophy, and the supply of new fixed N, will be an 

important component of the response of tropical ocean productivity to climate change 

in Earth System Model projections. The process of marine N2 fixation involves the 

reduction of N2 gas to ammonia (NH3) by marine organisms known as diazotrophs 

(Sohm et al., 2011). Fixing N2 gas requires the iron-rich enzyme nitrogenase, which 

requires 5 to 100-fold more iron (Fe) than non-diazotrophs (Raven, 1988, Kustka et 

al., 2003). N2 fixation also has an associated high energetic cost (Großkopf and 

Laroche, 2012), and like all phytoplankton, diazotrophs are susceptible to P limitation 

(Sañudo-Wilhelmy et al., 2001, Sohm et al., 2008). Overall, the need for light, Fe and 

P, tends to confine diazotrophy to regions relatively rich in Fe and high light 

availability (such as the subtropical North Atlantic), and regions with ample P (such 

as the Western Pacific and subtropical South Atlantic, (Falkowski, 1997, Mills et al., 

2004, Goebel et al., 2008, Moore et al., 2009, Sohm et al., 2011). In N limited regions 

of the ocean, diazotrophs are only able to outcompete and proliferate provided that 

sufficient Fe and P are available (Moore et al., 2009, Dutkiewicz et al., 2012).  

 

The most well studied diazotroph is the colony forming cyanobacterium, 

Trichodesmium, which occurs predominantly in the subtropical and tropical ocean 

(Sohm et al., 2011). Trichodesmium is one of a few diazotrophs that is able to be 

cultured in the laboratory allowing for detailed analysis of its physiology (Hutchins et 

al., 2013) and, it is one of the major contributors to global marine nitrogen fixation 

supplying ~60 – 80 Tg N yr-1 (Mahaffey et al., 2005). For these reasons, 

Trichodesmium has been used as a model organism to parameterize diazotrophy in 

several global ocean models. These include the Earth System Models used for climate 

projections, which tend to restrict rates of diazotrophy based on light, Fe, P and N 
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availability. Recent laboratory work has demonstrated that diazotrophs are likely to be 

responding to a whole suite of interacting drivers such as temperature, CO2 and 

nutrient co-limitation in the future (Hutchins et al., 2007, Hutchins et al., 2013, 

Walworth et al., 2016). Moreover, the contributions of unicellular diazotrophs such as 

Crocosphaera and the unicellular cyanobacterial group A (UCYN-A) which have high 

abundances and broad ecological ranges (Moisander et al., 2010), have not been 

incorporated into Earth System Models. UCYN-A for example has been shown to 

occupy a larger ecological range than Trichodesmium and may be a more important 

player in marine N2 fixation away from the tropics (Martinez-Perez et al., 2016). It has 

recently been identified that heterotrophic diazotrophs are widespread and highly 

diverse (Bombar et al., 2016, Moisander et al., 2017), with the ability to fix N2 in 

environments that are traditionally believed to exclude diazotrophy (Rahav et al., 

2013, Benavides et al., 2016). Heterotrophic diazotrophs are also not currently 

incorporated into Earth System Models, which may indicate that these models are 

underestimating the areal extent of N2 fixation by neglecting the niche occupied by 

heterotrophic diazotrophs. 

 

As part of the IPCC 5th assessment report (IPCC-AR5), 9 of the Earth System Models 

used to project future changes in ocean biogeochemistry included marine N2 fixation 

(Ciais et al., 2014). These models represent diazotrophy with a range of complexity 

(Table 2.1), at the simplest only including the effect of temperature and N inhibition, 

while others incorporate singular limitation by Fe and P. More recently, climate 

projections have also been made using models with variable non-diazotroph cellular 

stoichiometry (IPSL-Quota, (Kwiatkowski et al., 2018)). In this study, we compare 8 

IPCC-AR5 models and the more recent variable cellular stoichiometry model IPSL-

Quota to examine how ocean diazotrophy is projected to respond to climate. While 

previous studies have conducted inter-model comparisons for N2 fixation, they used 

arbitrary scaling factors for some models (Riche and Christian, 2018, Tang et al., 

2019a) and did not assess the timescales and regionality of change. In this study, we 

update the reported global trends using the correct units for all models, address the 

regional distribution of N2 fixation and explore how the time of emergence of N2 

fixation varies on global and regional scales both within and across models. 
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Table 2.1. Model controls on diazotrophy in the CMIP5 models. Temperature constraint 

indicates any temperature limits on diazotrophs, a lower temperature threshold indicates that 

diazotrophy cannot occur below a specific temperature in the model. Limiting factors are 

those that drive rates of nitrogen fixation. Nitrogen (N) inhibition indicates if models restrict 

nitrogen fixation if other forms of fixed nitrogen are available. Model parameterisation 

implicit (diagnostic), explicit (prognostic) or restoring (restores nutrient fields to Redfield). 

 

 
 

2.3. Methods 
 

Model outputs of depth integrated N2 fixation from the coupled model intercomparison 

project 5 (CMIP5) that compiled model outputs were obtained from 8 models, 

alongside a more recent quota-based formulation of the IPSL-CM5A-LR model from 

Kwiatkowski et al. (2018). For each model, data from the historical (1850 – 2005) and 

future (RCP 8.5, 2006 – 2100) scenarios was re-gridded to fit a standard 1° x 1° global 

grid. To calculate differences in N2 fixation rates, both spatially and globally 

integrated, we used 20-year averaged time slices from the historical (1986-2005) and 

RCP 8.5 (2081-2100) simulations for all 9 models. We further investigated regional 

patterns of depth integrated N2 fixation rates using an established biogeochemical 

province approach (Longhurst, 2007) and derived the average trend of depth integrated 

N2 fixation for each province. We then compared the percentage of models that agreed 

with the average trend to interpret model agreement. We note here that prior work used 

an arbitrary scaling of 0.17 for the two IPSL model in the CMIP5 archive (Riche & 

Christian, 2018, Tang et al., 2019a). This is due to IPSL output being stored in the 

CMIP5 archive in carbon, rather than nitrogen, units. We here report results from those 

models using the correct adjustment of 1/7.625 (or 0.131), which reflects the model 

N/C ratio (Aumont and Bopp, 2006). Models vary markedly in the way in which they 

represent N2 fixation. Some represent an explicit diazotroph functional group, which 

obtains fixed N from N2 fixation. Others include N2 fixation implicitly as a source of 

Temperature light P Fe O2
CanESM2 Implicit N/A ✓ ✓ � � � ✓ Zahariev et al., 2008

CESM1-BEC Explicit Lower T threshold ✓ ✓ ✓ ✓ � ✓ Moore JK et al., 2013

GFDL-ESM2G Explicit N/A ✓ ✓ ✓ ✓ ✓ ✓ Dunne et al., 2013

GFDL-ESM2M Explicit N/A ✓ ✓ ✓ ✓ ✓ ✓ Dunne et al., 2013

IPSL-CM5A-LR Implicit Lower T threshold ✓ ✓ � ✓ � ✓ Aumont and Bopp, 2006

IPSL-CM5A-MR Implicit Lower T threshold ✓ ✓ � ✓ � ✓ Aumont and Bopp, 2006

IPSL-Quota Implicit Lower T threshold ✓ ✓ ✓ ✓ � ✓ Kwiatkowski et al., 2018

MPI-ESM-LR Restoring N/A � � ✓ � � ✓ Ilyina et al., 2013

MPI-ESM-MR Restoring N/A � � ✓ � � ✓ Ilyina et al., 2013

N inhibition References Model Model Parameterisation Temperature constraint Limiting factors
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NH4 under certain conditions. While others simply apply a N flux that restores the N:P 

ratio back to Redfield values of 16:1 (Table 2.1). 

 

Time of emergence (ToE) analysis was performed to detect when the climate driven 

N2 fixation trend emerges from the natural variability within the models (e.g. Keller et 

al., 2014). The ToE rests on the concept of comparing the temporal climate change 

signal to the background noise, which is determined using different thresholds. Similar 

to Frölicher et al. (2016), we assume that the N2 fixation signal had emerged when it 

was greater or less than the mean of the preindustrial control simulation ± 1 standard 

deviation consistently for 4 years in the direction of the overall trend (to avoid the false 

diagnosis of shorter oscillations). For each model, the preindustrial control simulation 

was run for at least 300 years and was forced with historical CO2 emissions in parallel 

to the RCP8.5 scenario. The sensitivity of the time of emergence to our noise threshold 

was assessed by also using 2 standard deviations from the preindustrial control 

simulation. The ToE at each model grid cell was calculated by comparing the annual 

mean global N2 fixation time series from the RCP8.5 scenario (2006-2100) to the 

parallel preindustrial control simulations which had been run for at least 300 years. 

We averaged the ToE across each biogeochemical province to facilitate comparisons. 

 

2.4.  Results and Discussion 
 
2.4.1. Contemporary Nitrogen Fixation: Spatial Patterns and Global Trends 
 

As in prior work (Riche & Christian, 2018, Tang et al., 2019a), there are large 

variations between models regarding the magnitude and spatial pattern of diazotrophy 

in the contemporary ocean (1986-2005). Across the range of models, the updated 

magnitude of total global N2 fixation using the correct units for all models, ranged 2.5-

fold from 76.5 – 185.6 Tg N yr-1. Despite this range, the models broadly fell into two 

groups based upon their spatial patterns. The first group of models placed emphasis on 

higher rates of N2 fixation in the upwelling regions of the ocean, while the second 

group of models placed the majority of N2 fixation in the low nutrient subtropical gyres 

(Figure 2.1). Some models (CanESM2, CESM1-BEC, IPSL-CM5A-LR, IPSL-

CM5A-MR and IPSL-Quota) imposed a minimum temperature restriction, which 

restricts diazotrophs to low latitudes, but for those models without thermal limits, 
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diazotrophy can occur over the entire global ocean (albeit at very low rates at high 

latitudes, Figure 2.1). This may be an imperfect solution to account for diazotrophy in 

the high latitudes. These models without thermal limits on diazotrophy tended to fall 

into the upwelling group which on the whole had larger global N2 fixation values than 

gyre models. One exception to this general rule is the N only model CanESM2, which 

does not include the role of secondary limiting factors, such as Fe and P which exert 

more control on diazotrophy than N. The large disagreement between the models 

suggests that our understanding of spatial distribution of N2 fixation is limited. 

Interestingly, the recent re-evaluation of global ocean N2 fixation tends to support the 

concept of the greatest rates of N2 fixation occurring in low nutrient subtropical gyres 

rather than in upwelling regions (Wang et al., 2019). 

 

 
Figure 2.1. Average nitrogen fixation rates for the final 20-year time slice (1986 – 2005) of 

the historical scenario for 9 global nitrogen fixation models: (A) IPSL-CM5A-LR, (B) CESM1-

BEC, (C) CanESM2, (D) IPSL-CM5A-MR, (E) GFDL-ESM2G, (F) GFDL-ESM2M, (G) IPSL-

Quota, (H) MPI-ESM-LR and (I) MPI-ESM-MR. Values above maps indicate the total globally 

integrated nitrogen fixation rates for the same time period. Red boxes indicate ‘upwelling’ 

models and blue boxes indicate ‘gyre’ models. 

 
The difference in the spatial pattern between gyre models and upwelling models may 

be reflected in differences in the rate of total net primary production. For instance, 

when the ratio of N2 fixation to net primary productivity is plotted across the models 
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we find stronger spatial agreement than for N2 fixation alone (Figure 2.2). N2 fixation 

is a small fraction of net primary production in the upwelling regions for all models, 

increasing to a larger fraction in the gyres. This suggests that the higher rates of N2 

fixation associated with upwelling regions in the GFDL and MPI models is a result of 

a much larger rate of upwelling zone NPP in these models, which is allied to a stronger 

contrast in net primary production between the upwelling and gyre regions. 

 

 
Figure 2.2. Ratio of depth integrated nitrogen fixation and depth integrated total primary 

productivity for the final 20-year time slice (1986 – 2005) of the historical scenario for 9 

global nitrogen fixation models: (A) IPSL-CM5A-LR, (B) CESM1-BEC, (C) CanESM2, (D) 

IPSL-CM5A-MR, (E) GFDL-ESM2G, (F) GFDL-ESM2M, (G) IPSL-Quota, (H) MPI-ESM-

LR and (I) MPI-ESM-MR. Red and blue boxes indicate ‘upwelling’ and ‘gyre’ models 

respectively. 

 

2.4.2. Future Changes to Marine Diazotrophy: Spatial Patterns and Global 
Trends 

 

Across the models evaluated, 8 predict a decrease or very little change in global N2 

fixation between 2006 – 2100 (between +1 to -31%), with only one model (CanESM2) 

projecting an increase in diazotrophy. This is because CanESM2 has no limitation by 

Fe and P, and in this model N2 fixation responds positively to future ocean warming 

(Figure 2.3A). The N2 fixation trend is not consistent between models when assessed 

over the Atlantic, Pacific and Indian ocean basins, such that the global trend can mask 
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important inter-basin variability. For example, stronger trends were predicted for the 

Atlantic and Indian ocean basins and were relatively consistent with the direction of 

the global trend (Figure 2.3B, D). However, the Pacific Ocean exhibited the most 

variability, with the sign of the trend being opposite to the global trend for the majority 

of models (Figure 2.3C). This suggests that diazotrophy in the Atlantic and Indian 

oceans will be negatively affected by climate change, but the Pacific Ocean may 

counteract the decrease occurring in the other basins in some cases. It is however 

difficult to assess how realistic these trends are as currently there are very few 

observations of N2 fixation in the Indian Ocean basin (Luo et al., 2012, Tang et al., 

2019b). 

 

 
Figure 2.3. Percentage anomaly of annual nitrogen fixation over the time period 2006 -2100 

for 4 regions: (A) the global ocean, (B) Atlantic Ocean, (C) Pacific Ocean and (D) Indian 

Ocean. 9 nitrogen fixation models: CanESM2 (red), CESM1-BEC (blue), GFDL-ESM2G 

(light green), GFDL-ESM2M (grey), IPSL-CM5A-LR (cyan), IPSL-CM5A-MR (magenta), 

IPSL-Quota (orange), MPI-ESM-LR (yellow) and MPI-ESM-MR (dark green). Black dashed 

line indicates the zero line. 

 

The changes in the total global N2 fixation rate also exhibited large variability once 

updated from prior work to use the correct units for all models, ranging from -50.1 Tg 
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yr-1 to +58.0 Tg N yr-1 (Table 2.2). When models are grouped based on their 

contemporary pattern of diazotrophy, upwelling models had very little coherency for 

the spatial pattern of diazotrophy (comparing the 2 MPI and 2 GFDL models, Figure 

2.4). For gyre models however, moderate coherence existed between the 3 IPSL 

models and the CESM1-BEC model (CanESM2 was overlooked hereafter as an 

outlier). This shows that although upwelling models display a similar spatial pattern 

for contemporary diazotrophy, there is a little agreement on how the spatial pattern of 

diazotrophy will change, suggesting that mechanisms controlling diazotrophy in these 

models may actually be very different. For example, the 2 GFDL models impose Fe 

limitation on diazotrophy but the MPI models do not. On the other hand, the relatively  

good agreement between the gyre based models matches their common underlying 

drivers (Table 2.1). 

 

Table 2.2. Summary of model analysis: Total N2 fixation anomaly (RCP8.5 (2081:2100) – 

historical (1986:2005)), time of emergence of global N2 fixation when the natural variability 

is calculated using 1 standard deviation (σ) and 2 standard deviations (2σ) of the control 

simulation, model skill represents the correlation between model depth integrated N2 fixation 

(1986:2005) and observed depth integrated N2 fixation (Tang et al., 2019a). The observed 

depth integrated nitrogen fixation was gridded on to the model grid and was correlated with 

value of depth integrated nitrogen fixation at the same locations for each model. Model group 

indicates how the models are grouped based on their spatial patterns. 
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Figure 2.4. Anomaly of nitrogen fixation for 9 global nitrogen fixation models: (A) IPSL-

CM5A-LR, (B) CESM1-BEC, (C) CanESM2, (D) IPSL-CM5A-MR, (E) GFDL-ESM2G, (F) 

GFDL-ESM2M, (G) IPSL-Quota, (H) MPI-ESM-LR and (I) MPI-ESM-MR. The 20-year time 

slice of the historical scenario (1986-2005) was subtracted from the 20-year time slice of the 

RCP 8.5 scenario (2081-2100) in order to calculate the anomaly. Values above maps indicate 

the total global change in nitrogen fixation from the end of the historical scenario to the end 

of the RCP8.5 scenario. Red boxes indicate ‘upwelling’ models and blue boxes indicate ‘gyre’ 

models. 

 

Taking a province-based view to synthesize the temporal and spatial model 

comparison revealed regions where the average N2 fixation trend for the 9 models was 

projected to be strongly modified. The strongest decreases in diazotrophy occurred in 

the equatorial Atlantic, western equatorial Pacific and northern Indian (Figure 2.5A). 

Provinces with the strongest decreases in diazotrophy coincided with provinces with 

the highest inter-model agreement (Figure 2.5A, B). The strongest overall increase in 

diazotrophy was found in the Pacific upwelling region, however this province 

coincided with relatively low inter-model agreement (Figure 2.5A, B). In general, the 

provinces with lowest agreement corresponded to regions of low average trend, 

suggesting that these lower average trends were a consequence of divergence between 

models. 
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Figure 2.5. Regional comparison of the 9 global nitrogen fixation models using Longhurst 

provinces: (A) average trend of nitrogen fixation across all 9 models in each province, (B) 

percentage of models that agree with the average trend for each province, (C) average time 

of emergence across all 9 models for each province using 1 standard deviation of the control 

and (D) the contribution of the nitrogen fixation anomaly to the NO3 anomaly. 

 

2.4.3. Future Changes to Marine Diazotrophy: Time of Emergence 
 

The N2 fixation trend due to climate change emerges from the natural variability across 

the models between 2018 – 2040 when the natural variability is calculated using one 

standard deviation of the control simulation (Table 2.2). If we allow greater natural 

variability (by using 2 standard deviations), then the emergence is delayed by 5 – 20 

years (Table 2.2, Figure 2.6). There is no clear link between the magnitude of the 

projected change in future N2 fixation and the time of emergence, however, when 

considering both sensitivities (1 and 2 standard deviations) the gyre based models have 

better inter model agreement of emergence (2018 – 2042) than the upwelling based 

models, which have a wider range of emergence times (2020 – 2054). Regionally, the 

N2 fixation trend emerges earliest (~2030 – 2050) in the lower latitudes and much later 

(~2080 – >2100) in the high latitude Southern Hemisphere (Figure 2.5C), suggesting 

that N2 fixation in the low latitudes is most susceptible to change. The high latitude 

emergence of the N2 fixation signal may be difficult to assess as not all models allow 

high latitude N2 fixation in their mean state. On the whole N2 fixation decreases (e.g. 

in the tropical Atlantic) or shows very little change (e.g. in the subtropical gyres) in 

the tropical ocean, with a marked exception being the equatorial Pacific, which shows 

a significant increase in N2 fixation. This is likely due to climate driven changes in 
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upwelling, which reduces N supply therein. Any change to the magnitude of ‘new’ N 

being supplied by N2 fixation in the tropics will serve to amplify or dampen any 

stratification driven reduction in N supply. N2 fixation trends emerge later than trends 

in both sea surface temperature and pH (2016-2035), but earlier than trends in both 

oxygen and NPP (>2095, (Keller et al., 2014, Rodgers et al., 2015, Frölicher et al., 

2016, Henson et al., 2017). 

 

 
Figure 2.6. Time of emergence of nitrogen fixation from 9 models: CanESM2 (red), IPSL-

CM5A-MR (magenta), IPSL-Quota (orange), IPSL-CM5A-LR (cyan), CESM1-BEC (blue), 

GFDL-ESM2M (grey), GFDL-ESM2G (light green), MPI-ESM-MR (dark green) and MPI-

ESM-LR (yellow). Background variability set as 1 standard deviation (●) and 2 standard 

deviations (▲). Models are grouped into gyre and upwelling models and are ranked by total 

change in nitrogen fixation from positive to negative in their respective groups. 

 

Although climate change will directly impact NPP, it is important to also investigate 

the processes that indirectly affect NPP, such as N2 fixation and how it may modulate 

the NPP signal. For instance, in regions where N2 fixation declines (western and 

subtropical N. Pacific, Indian Ocean and the subtropical N. Atlantic) there is a strong 

contribution (between 4 – 73%) from the decrease in N2 fixation to the overall decrease 

of the upper ocean nitrate (NO3) inventory (Figure 2.5A, D). On the other hand, areas 

of increased N2 fixation act against the loss of NO3 from the upper ocean due to 

enhanced stratification (Figure 2.5A, D). In figure 2.5D, a positive ratio indicates that 

the N2 fixation trend is in the same direction as the overall upper NO3 inventory trend, 
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whereas a negative ratio indicates opposing trends (Figure 2.5A shows the overall 

directional trend in N2 fixation). As NPP in the topics is largely responding to changes 

to upper ocean N, the impact of climate driven changes in stratification may be 

amplified or dampened by the more rapidly emerging trends in rates of N2 fixation. 

Future work should also focus on evaluating the processes underpinning this 

potentially important feedback (e.g. rates of nitrification, zooplankton recycling and 

the sinking and remineralisation of diazotroph organic material) within the nitrogen 

cycle in Earth System Models. 

 

2.5. Mechanistic Limitations of Current Models 
 

Our analysis has shown that decadal trends in N2 fixation in response to climate change 

are likely to contribute to the changes in NPP simulated in Earth System Models. But 

we have found that a range of complexity exists for how N2 fixation is parameterized 

within the current models and large disagreement occurs in the spatial pattern and 

trends of N2 fixation projected by the different models. However, despite these 

differences, all models show poor skill compared to compiled N2 fixation observations 

(Table 2.2). We took the observations from the nitrogen fixation database of Tang et 

al. (2019b), regridded them onto the model horizontal grid and compared them to the 

model fields averaged over 1985:2005. Overall, model skill, taken as the correlation 

coefficient, ranges from as low as 0.06 for GFDL-ESM2M or up to 0.35 for MPI-

ESM-LR (Table 2.2). This suggests that the change in N2 fixation in response to 

climate change and the associated impact on nitrogen supply to primary producers in 

the oligotrophic ocean remains a very poorly constrained component of Earth System 

Models. The overall trend in N2 fixation across the majority of the ESMs is at odds 

with other perturbation experiments predicting the opposite (Boyd and Doney, 2002, 

Dutkiewicz et al., 2014, Jiang et al., 2018, Tang et al., 2019a), highlighting the need 

for more consideration of the competition between diazotrophs and non-diazotrophs 

within ESMs in the future. 

 

There are a range of potentially significant drivers not yet included in the 

parameterization of ocean N2 fixation in Earth System Models, which could affect the 

response to climate change and contribute to the general lack of model skill. Firstly, 

increasing CO2 has been shown to produce a ‘nutrient-like’ response for growth and 
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N2 fixation rates for both Trichodesmium and Crocosphaera spp. (Hutchins et al., 

2013, Hutchins and Fu, 2017), with CO2 potentially defining an upper limit for 

maximum N2 fixation rates (Hutchins et al., 2013). However, increasing CO2 will 

increase ocean acidification, which has been shown to negatively impact diazotrophy 

by reducing the efficiency of the nitrogenase enzyme (Hong et al., 2017). Secondly, 

warming may push tropical diazotrophs past their thermal optima and/or facilitate the 

expansion of recently observed cold water diazotrophs occurring below 20°C 

(Needoba et al., 2007) and even in polar waters (Harding et al., 2018, Shiozaki et al., 

2018). Breitbarth et al. (2007) found that the maximum rate of growth and N2 fixation 

in Trichodesmium occurs between 24 – 30°C and both Trichodesmium and 

Crocosphaera growth has been shown to rapidly decline at temperatures above 28°C 

and 30°C, respectively (Boyd et al., 2013). Most models do not include an upper 

thermal threshold and so depending on how growth is parameterized, rates of 

diazotrophy could continue to increase past observed thermal thresholds. If the 

ecological niche for diazotrophy moves poleward due to excessive warming, light 

limitation may become a more important factor than previously (Boyd and Doney, 

2002, Boatman et al., 2017). Thirdly, laboratory studies show that when Fe and P are 

both present at low concentrations, Trichodesmium cell sizes decreased, allowing 

uptake rates to be maintained and promoting both growth and diazotrophy, suggesting 

that Fe:P co-limitation may be as important in shaping N2 fixation rates (Walworth et 

al., 2016, Walworth et al., 2018). However, dust deposition is predicted to increase 

due to enhanced desertification (Mahowald et al., 2017). This may promote 

diazotrophy by supplying more Fe, but would enhance P limitation (Mills et al., 2004) 

and negatively impact the effect of Fe:P co-limitation. 

 

Previously it was believed that the contribution of coastal regions to global marine N2 

fixation was very small, but over the last decade the importance of coastal diazotrophy 

has been highlighted, with it being estimated to contribute 16.7 ± 14.3 Tg N yr-1 

(Mulholland et al., 2012, Tang et al., 2019b). Due to the coarse resolution of climate 

models, coastal environments are poorly represented and will need to be improved in 

the future to gain a more complete understanding of global marine N2 fixation. The 

majority of models have an explicit parameterization of diazotrophy use only one 

diazotroph for the entire ocean, but actual diazotroph biodiversity is far more complex 

(Tang et al., 2019b). Similarly, the reliance of models on the colonial cyanobacterium 
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Trichodesmium as a model organism, neglects other important groups such as UCYN-

A, which may be predominant globally (Martinez-Perez et al., 2016), and 

heterotrophic diazotrophs which occupy niches previously believed to be unfavourable 

to diazotrophs (Rahav et al., 2013, Benavides et al., 2016). Model studies tend to focus 

upon the impact of bottom-up control on diazotrophs and generally overlook top-down 

controls. For instance, Wang et al. (2019) showed that when the zooplankton 

maximum grazing rate on diazotrophs was decreased to that of diatoms, global N2 

fixation increased by 62%. Diazotroph growth rates are also not well constrained, and 

models are hence biased towards relying on observed growth rates of Trichodesmium, 

which will restrict the modelled diazotroph to their niche (Dutkiewicz et al., 2009). In 

the future, a new generation of N2 fixation models that include these multiple 

interacting effects and account for diazotroph biodiversity would help increase 

confidence in our projections of how climate change will affect the ocean N cycle 

(Tang and Cassar, 2019) and net primary production in the tropics. 

 

2.6. Conclusions 
 

Nitrogen fixation will be crucial to supporting productivity in the future tropical ocean 

that is dustier and more stratified. Current models project different spatial patterns and 

magnitudes of diazotrophy in the contemporary ocean, models however broadly fall 

into two groups based upon their spatial distribution of N2 fixation. Generally, models 

project that globally diazotrophy will decrease in the future, at the regional scale the 

models reveal more complexity in the response to climate change with the Pacific 

counteracting the decline projected for the Atlantic and Indian Oceans. Gyre models 

exhibited more coherency in the response of N2 fixation at the regional scale than 

upwelling models. For the models as a whole, the strongest inter-model agreement 

coincided with regions of strong decreases in diazotrophy in the Atlantic and Indian 

Oceans, whilst low model agreement occurred with strong increases in diazotrophy in 

the Pacific. The change in new nitrogen supply from diazotrophy may alleviate any 

changes to N limitation in the oligotrophic ocean due to increased stratification. The 

rapid emergence of the climate driven trend of diazotrophy from background 

variability by around 2040, implies that changes in new nitrogen supply from 

diazotrophy is likely to contribute to the modulation of the later emerging trends in net 

primary productivity on a regional scale.  Overall, there is a need for a new generation 
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of N2 fixation Earth System Models that account for the multiple interacting factors 

which drive diazotrophy including both top-down and bottom-up control. 

Understanding how climate will impact diazotrophy is essential to gain insight into 

how patterns of nutrient limitation and net primary productivity are likely to respond 

to future climate perturbations. 
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Chapter 3 
 

 

PISCES-QUOTA Explicit Diazotroph Model 

Description 
 
 
 
 
Motivation 
 

Large disagreement in the spatial patterns and global magnitudes of nitrogen fixation 

currently exists between nitrogen fixation Earth System Models (ESM). In the 

previous chapter the climate driven trends in nitrogen fixation were shown to shape 

patterns of net primary productivity in the oligotrophic ocean. However, due to poor 

model skill it was highlighted that there is a need for a new generation of nitrogen 

fixation ESMs that represent the impact of multiple concurrent drivers on marine 

diazotrophs (Wrightson and Tagliabue, 2020). In this chapter, we develop and describe 

a new explicit diazotroph phytoplankton functional type (PFT) for the optimal 

allocation-based PISCES-QUOTA model (Kwiatkowski et al., 2019). We then discuss 

the performance of the new explicit model compared to the implicit scheme and 

perform several sensitivity experiments to assess how iron (Fe) and phosphorus (P) 

availability impact diazotrophy within the model. 
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Key Findings 
 

• A new explicit diazotroph PFT was successfully implemented into PISCES-

QUOTA which enabled comparison with the implicit scheme. 

• Globally, small differences occurred between the implicit and explicit model, 

however, large regional differences were present between the two models 

which were directly impacted by Fe and P availability. 

• Over the coming century both models predict nitrogen fixation and net primary 

productivity will decrease globally, but again regionally differences existed. 

• Again, the climate driven trend in nitrogen fixation was shown to emerge 

earlier than that of net primary productivity suggesting that climate driven 

changes will shape patterns of productivity in the future. 
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3.1. Introduction 
 
Throughout much of the tropical oligotrophic ocean, nitrogen (N) is the main limiting 

nutrient of primary productivity (Moore et al., 2013). Marine diazotrophs fix 

dinitrogen (N2) gas, which is then converted to ammonia (NH3) to satisfy their 

biological N demand. As diazotrophs may release N to the surrounding water column 

and their organic matter is remineralised back to inorganic N forms, their N2 fixation 

acts as an additional source of bioavailable N to N limited phytoplankton, fuelling 

‘new’ primary production (Benavides et al., 2013, Berthelot et al., 2015, Tang et al., 

2019b). Ocean warming associated with climate change is predicted to enhance 

stratification, which will expand macronutrient deficient regions and, in turn, restrict 

primary production (Boyce et al., 2010, Laufkötter et al., 2015). Therefore, in regions 

that are limited by N, additional supply of N via nitrogen fixation may act to alleviate 

some of this limitation in the future.  

 

Earth System Models (ESM) are used to project how a changing climate will impact 

the ocean in the future. In the previous chapter it was shown that large disagreement 

in the nitrogen fixation climate trend existed between 9 ESMs (Wrightson and 

Tagliabue, 2020). What was also apparent was the range of complexity with which 

nitrogen fixation had been parameterised within the models including both implicit 

and explicit nitrogen fixation schemes, but this did not appear to separate the models 

in terms of their nitrogen fixation response. The lack of coherence between modelling 

approaches has resulted in a range of top down and bottom-up controls on nitrogen 

fixation being overlooked. These include limitation by multiple nutrients, grazing and 

competition on implicit diazotrophs, lack of diazotroph biodiversity and the indirect 

effect of temperature on diazotrophy. To fully assess the impact of climate change on 

marine nitrogen fixation and the supply of N to the oligotrophic ocean, there is a need 

for a new generation of nitrogen fixation ESMs which accounts for the multiple 

interacting drivers of climate change on the physiology, growth and N2 fixation by 

marine diazotrophs. A key component of microbial physiology that has been neglected 

by all ESMs to date is the concept of optimal allocation, where microbes adjust their 

physiology between nutrient acquisition and light harvesting to optimise growth 

(Klausmeier et al., 2004, Pahlow et al., 2013, Toseland et al., 2013). Most ESMs rely 

on fixed assumptions regarding the photo-physiological or nutrient acquisition 
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‘fitness’ with no feedbacks associated with the changing nutrient and light 

environment. 

 

The PISCES biogeochemical model is part of the IPSL earth system model, and is a 

well-used complex ocean biogeochemistry model that has been used to explore various 

aspects of the marine environment for the contemporary ocean (Richon and Tagliabue, 

2019, Terhaar et al., 2021), the paleo ocean (Tagliabue et al., 2009, Mariotti et al., 

2012) and the future ocean (Dufresne et al., 2013, Kwiatkowski et al., 2019, Tagliabue 

et al., 2020). However, despite its complexity, one major shortcoming is that it relies 

upon a relatively simplistic implicit nitrogen fixation scheme. This means that it does 

not provide any insight into how a diazotroph at the organism level would be 

responding to a range of environmental drivers including temperature, nutrient 

availability, grazing and resource competition. As was shown in a previous study, the 

climate driven signal of nitrogen fixation emerges earlier than the signal in net primary 

productivity, indicating that climate driven changes in nitrogen fixation will indirectly 

impact net primary production in the future (Wrightson and Tagliabue, 2020). 

Therefore, for PISCES to be used for climate change projections and to assess the 

impact of climate change on marine biogeochemical cycling a new explicit nitrogen 

fixation scheme that is focused on the importance of internal cellular physiology is 

required. 

 

The aim of this study was to create a new explicit diazotroph phytoplankton functional 

type for the optimal allocation-based PISCES QUOTA ESM (Kwiatkowski et al., 

2018). The model optimally allocates resources between several competing metabolic 

functions (e.g., nutrient acquisition, light harvesting) in order to maximise the growth 

of the phytoplankton (Pahlow, 2005, Pahlow et al., 2013). Here we describe the new 

explicit diazotroph model, which is based upon diazotroph thermal performance 

curves and nutrient requirements. The model allows the diazotroph stoichiometry to 

vary, accounts for optimal allocation and the competition for resources between 

diazotrophs and the other phytoplankton types within the model, as well as 

zooplankton grazing of diazotroph biomass. We then compare the new explicit 

diazotroph model to the previous implicit scheme of PISCES QUOTA used in the 

previous chapter and perform sensitivity analysis upon the new model to understand 

how our assumptions of diazotroph iron (Fe) and phosphorus (P) requirements impact 
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the model. This model framework is then used in Chapter 4 to assess how the 

temperature sensitivity of diazotroph physiology regulates the response of nitrogen 

fixation to climate change. 

 

3.2. Model Description 
 
3.2.1 Diazotroph Carbon Biomass 
 

 

 
𝝏𝑷𝑪𝒅𝒛

𝝏𝒕
 = !𝟏 − 𝜹𝒅𝒛%𝝁𝑷𝒅𝒛𝑷𝑪𝒅𝒛 −	𝜻𝑵𝑶𝟑𝒅𝒛 𝑽𝑵𝑶𝟑𝒅𝒛 − 𝜻𝑵𝑯𝟒𝒅𝒛 𝑽𝑵𝑯𝟒𝒅𝒛 − 𝜻𝑵𝑭𝑰𝑿𝒅𝒛 𝑽𝑵𝑭𝑰𝑿𝒅𝒛 −𝒎𝒅𝒛 𝑷𝑪𝒅𝒛

𝑲𝒎0	𝑷𝑪
𝒅𝒛𝑷𝑪𝒅𝒛 − 𝒔𝒉	 ×	𝒘𝒅𝒛(𝑷𝑪𝒅𝒛)𝟐	

          −	𝒈𝒁!𝑷𝑪𝒅𝒛%𝒁 −	𝒈𝑴!𝑷𝑪𝒅𝒛%𝑴 

(Equation 3.1) 
 

 

Diazotroph carbon (C) biomass (𝑃!"#) in equation 3.1 is calculated from a source term 

of diazotroph production and several sink terms (biosynthesis, mortality, aggregation 

and grazing) and follows the parameterisation currently used for other phytoplankton 

functional types (PFT). 

 

Production of Diazotroph Biomass: 

 

Diazotroph production is calculated in the same way as is done for other PFTs where 

growth rate is multiplied by an exudation term and the diazotroph C biomass at the 

previous time step. 

 

𝑷𝑪𝒅𝒛     = Diazotroph C biomass (mol C L-1) 

𝝁𝑷𝒅𝒛  = Growth rate (d-1) 

δ	dz  = 0.05   exudation of DOC (unitless) 

 

Biosynthesis: 

 

Diazotroph biosynthesis accounts for the uptake of nitrate (NO3), ammonium (NH4) 

and dinitrogen (N2) as well as the associated costs of biosynthesis of each form of 

nitrogen (N). 

Production Biosynthesis Mortality Aggregation 

Grazing 
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𝑽𝑵𝑶𝟑𝒅𝒛  = Uptake of NO3 (mmol N L-1 s-1) 

𝑽𝑵𝑯𝟒𝒅𝒛  = Uptake of NH4 (mmol N L-1 s-1) 

𝑽𝑵𝑭𝑰𝑿𝒅𝒛  = Uptake of N2 through nitrogen fixation (mmol N L-1 s-1) 

 

𝜻𝑵𝑶𝟑𝒅𝒛    = 2.3 mol C mol-1 N       cost of biosynthesis based on NO3 

𝜻𝑵𝑯𝟒𝒅𝒛    = 1.8 mol C mol-1 N       cost of biosynthesis based on NH4 

𝜻𝑵𝑭𝑰𝑿𝒅𝒛   = 6.6 mol C mol-1 N        cost of biosynthesis based on N2 (Pahlow et al., 2013)  

 

𝜁0123"# = 4567	59	01:;	(=>?@5A)
4567	59	0	>66:C:@>7:5D	(=>?@5A)

× 𝜁0EF"# = G
H.J
× 2.3                          (Equation 3.2) 

 

The cost of biosynthesis based on N2 follows Pahlow et al. (2013), it calculates the 

ratio of the respiration cost required for nitrogen fixation (2 mol C mol-1 N) and the 

respiration cost required for N assimilation (0.7 mol C mol-1 N), this is then multiplied 

by the cost of biosynthesis based on NO3 to calculate the overall cost of nitrogen 

fixation (𝜁0123"# ). 

 

Mortality and Aggregation: 

 

Mortality and aggregation for the diazotroph are also calculated following the same 

approach as used for other PFTs. 

 

Km     = 0.2 µmol C L-1               Half saturation constant of mortality 

mdz   = 0.01 d-1 mol-1 C             Linear mortality rate of diazotrophs 

wdz    = 0.01 d-1 mol-1 C  Quadratic mortality rate of diazotrophs 

sh   = Shear rate 

 

Grazing: 

 

The diazotroph PFT can be grazed by both meso- and microzooplankton. For the 

diazotroph however, the grazing preference for meso and micro zooplankton has been 

reduced to 0.2 (nanophytoplankton = 0.3, diatoms = 1) and 0.4 (nanophytoplankton = 
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1, diatoms = 0.8 and picophytoplankton = 1) respectively to account for potential 

toxicity of diazotrophs to grazers (LaRoche and Breitbarth, 2005). 

 

gZ  = grazing rate of mesozooplankton (d-1) 

Z  = mesozooplankton biomass (mol C L-1) 

gM  = grazing rate of microzooplankton (d-1) 

M = microzooplankton biomass (mol C L-1) 

 

Diazotroph Growth Rate (𝜇="#): 

 

Diazotroph growth rate in equation 3.3 is calculated using the same parameterisation 

as other PFTs, however the growth curve (𝜇C>;"# ) is accounted for differently. 

 

𝝁𝑷𝒅𝒛 =	𝝁𝒎𝒂𝒙𝒅𝒛 𝒉2𝑳𝒅𝒂𝒚4𝒈𝒊(𝒁𝒎𝒙𝒍)𝑳𝒍𝒊𝒎𝒅𝒛 8𝟏 − 𝐞𝐱𝐩 8
Q𝜶𝒅𝒛𝜽𝑪𝒉𝒍,𝒅𝒛𝑷𝑨𝑹𝒅𝒛

𝝁𝒎𝒂𝒙𝒅𝒛 𝒉X𝑳𝒅𝒂𝒚Z𝑳𝒍𝒊𝒎
𝒅𝒛 >>           (Equation 3.3)    

 

h(Lday) = dependency of growth rate to day length (unitless) 

Zmxl  = mixed layer depth (m) 

gi  = imposes a restriction to growth rate when mixed layer depth is deeper than 

  euphotic zone (unitless) 

𝑳𝒍𝒊𝒎𝒅𝒛  = Diazotroph nutrient limitation (unitless scalar ranging from 0 to 1) 

𝜽𝑪𝒉𝒍,𝒅𝒛 = diazotroph Chl:C ratio (g Chl g-1 C) 

𝑷𝑨𝑹𝒅𝒛 = Photosynthetically available radiation (W m-2) 

𝜶𝒅𝒛   = 2 Wm-2 d-1 (nanophytoplankton = 4 Wm-2 d-1)       Initial slope of P-I curve 

 

The maximum growth rate (𝜇C>;"# ) is calculated based on work by (Boyd et al., 2013) 

and their growth curve for Trichodesmium, although the µmax used in this model is 

scaled up from 0.27 to 0.4 d-1.The growth curve therefore uses the thermal window of 

Trichodesmium but the µmax that was observed for Crocosphaera. Growth is set to 0 

when T<17°C and T>34°C. The growth rate is also multiplied by the cost of 

biosynthesis based on NO3 (𝜻𝑵𝑶𝟑𝒅𝒛 )  and the maximum N quota (𝑸𝑵,𝒎𝒂𝒙𝒅𝒛 ) to account for 

the N investment required for growth. In the growth rate equation w is the temperature 

niche width from Boyd et al. (2013), the other 3 terms a, b and z are used to shape the 

growth curve and have no biological meaning.  
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𝝁𝒎𝒂𝒙𝒅𝒛 = 𝒂𝒆𝒃𝑻 8𝟏 − F𝑻Q𝒛
𝒘Q𝟐

G
𝟐
> × 	𝟏. 𝟒𝟖	 ×	(𝟏 + 𝜻𝑵𝑶𝟑	 × 𝑸𝑵,𝒎𝒂𝒙𝒅𝒛 )           (Equation 3.4) 

 

a  = 0.06996 

b  = 0.05225 

z  = 25.3 

w  = 18.6   temperature niche width from Boyd et al. (2013) 

𝑸𝑵,𝒎𝒂𝒙𝒅𝒛  = 0.16 mol N mol-1 C      Diazotroph maximum N Quota 

 

Allocation of Nutrients within the Cell 

 

Within the model nutrients are allocated between surface sites (𝑭𝑨,𝑺𝒅𝒛 ) and internal 

enzymes (1 − 𝑭𝑨,𝑺𝒅𝒛 ), with S denoting the nutrient in question. For nutrient uptake 

surface sites are required and the allocation to these surface sites is calculated as 

follows. 

 

𝑭𝑨,𝑺𝒅𝒛 =
𝟏

𝟏bc
𝑺

𝑲𝑺
𝒅𝒛

                                          (Equation 3.5) 

 

𝑲𝑺
𝒅𝒛  = half saturation constant for nutrient S (µmol L-1 for N and P, nmol L-1 for Fe) 

 

3.2.2 Diazotroph Nitrogen Biomass 
 

In this version, the diazotroph is facultative allowing both the supply of N via nitrogen 

fixation and the uptake of other forms of fixed N (e.g. NO3 and NH4) if they are 

available. Diazotroph N biomass is calculated in the same way as is done for other 

PFTs with an additional term for N uptake via nitrogen fixation (𝑽𝑵𝑭𝑰𝑿𝒅𝒛 ). 

 
𝝏𝑷𝑵𝒅𝒛

𝝏𝒕 = %𝟏 − 𝝏𝒅𝒛(%𝑽𝑵𝑶𝟑𝒅𝒛 +	𝑽𝑵𝑯𝟒𝒅𝒛 + 𝑽𝑵𝑭𝑰𝑿𝒅𝒛 (𝑷𝑪𝒅𝒛 −𝒎𝒅𝒛 𝑷𝑪𝒅𝒛

𝒌𝒎 +𝑷𝑪𝒅𝒛
𝑷𝑵𝒅𝒛 − 𝒔𝒉	 ×	𝒘𝒅𝒛𝑷𝑪𝒅𝒛𝑷𝑵𝒅𝒛 

																−𝒈𝒁%𝑷𝒅𝒛(𝒁𝑸𝑵𝒅𝒛 − 𝒈𝑴%𝑷𝒅𝒛(𝑴𝑸𝑵𝒅𝒛                                                                     (Equation 3.6) 
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Uptake of N: 

 

𝑽𝑵𝑯𝟒𝒅𝒛 =	𝑽𝑵,𝒎𝒂𝒙𝒅𝒛 	𝒙𝑵𝑯𝟒𝒅𝒛    uptake of NH4 by diazotroph (mmol N L-1 s-1)   (Equation 3.7) 

 

𝑽𝑵𝑶𝟑𝒅𝒛 = 𝑽𝑵,𝒎𝒂𝒙	𝒅𝒛 𝒙𝑵𝑶𝟑𝒅𝒛     uptake of NO3 by diazotroph (mmol N L-1 s-1)  (Equation 3.8) 

 

As the diazotroph is facultative, the nitrogen fixation term is equal to the maximum 

uptake of N multiplied by the dimensionless facultative term (Facul). The facultative 

term accounts for the fraction of the diazotroph N requirement that is satisfied by the 

uptake of NO3 and NH4 and therefore scales nitrogen fixation in order to provide the 

extra N requirement, permitting that diazotroph growth isn’t limited by P, Fe, T or 

Light. The facultative term essentially indicates how much nitrogen fixation the 

diazotroph is performing. 

 

𝑽𝑵𝑭𝑰𝑿𝒅𝒛 = 𝑽𝑵,𝒎𝒂𝒙𝒅𝒛 𝑭𝒂𝒄𝒖𝒍     uptake of N2 through nitrogen fixation (mmol N L-1 s-1) 

 (Equation 3.9) 

 

𝑭𝒂𝒄𝒖𝒍 = 𝟏 − 2𝒙𝑵𝑶𝟑𝒅𝒛 + 𝒙𝑵𝑯𝟒𝒅𝒛 4   Facultative term, how much nitrogen fixation is being  

 performed  (Equation 3.10) 

 

The uptake of NH4 (𝑽𝑵𝑯𝟒𝒅𝒛 ), NO3 (𝑽𝑵𝑶𝟑𝒅𝒛 ) and N2 (𝑽𝑵𝑭𝑰𝑿𝒅𝒛 ) by the diazotroph require the 

calculation of the maximum uptake of N (𝑽𝑵,𝒎𝒂𝒙𝒅𝒛 ) and the proportion of N uptake that 

is supplied through uptake of NH4 (𝒙𝑵𝑯𝟒𝒅𝒛 ) and NO3 (𝒙𝑵𝑶𝟑𝒅𝒛 ) based upon how N is 

allocated between internal enzymes and surface sites (𝑭𝑨,𝑵𝒅𝒛 ). For N allocation to 

surface sites (𝑭𝑨,𝑵𝒅𝒛 ) both NO3 and NH4 are accounted for simultaneously. 

 

𝑭𝑨,𝑵𝒅𝒛 = 𝟏

𝟏bc𝒎𝒂𝒙d 𝑵𝑶𝟑
𝑲𝑵𝑶𝟑
𝒅𝒛 , 𝑵𝑯𝟒

𝑲𝑵𝑯𝟒
𝒅𝒛 e

   Allocation of N to surface sites 

  (Equation 3.11) 
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𝒙𝑵𝑯𝟒𝒅𝒛 = U 𝑵𝑯𝟒

d
8𝟏:𝑭𝑨,𝑵

𝒅𝒛 <

𝑭𝑨,𝑵
𝒅𝒛 e𝑲𝑵𝑯𝟒

𝒅𝒛 b𝑵𝑯𝟒
V × 2𝟏 − 𝑭𝑨,𝑵𝒅𝒛 4       Proportion of N uptake via NH4 

  (Equation 3.12) 

 

𝒙𝑵𝑶𝟑𝒅𝒛 =

⎝

⎜⎜
⎛
U 𝑵𝑶𝟑

d
8𝟏:𝑭𝑨,𝑵

𝒅𝒛 <

𝑭𝑨,𝑵
𝒅𝒛 e𝑲𝑵𝑶𝟑

𝒅𝒛 b𝑵𝑶𝟑
V ×

⎝

⎜
⎛
𝟏 − U 𝑵𝑯𝟒

d
8𝟏:𝑭𝑨,𝑵

𝒅𝒛 <

𝑭𝑨,𝑵
𝒅𝒛 e	𝑲𝑵𝑯𝟒

𝒅𝒛 b𝑵𝑯𝟒
V

⎠

⎟
⎞

⎠

⎟⎟
⎞
× 2𝟏 − 𝑭𝑨,𝑵𝒅𝒛 4  

 Proportion of N uptake via NO3 

 (Equation 3.13) 

𝑵𝑶𝟑  = Available nitrate pool (µmol L-1) 

𝑵𝑯𝟒  = Available ammonium pool (µmol L-1) 

𝑭𝑨,𝑵𝒅𝒛   = N allocated to surface sites (unitless) 

𝑲𝑵𝑯𝟒
𝒅𝒛   = 0.13 µmol N L-1      Half saturation constant for NH4 

𝑲𝑵𝑶𝟑
𝒅𝒛   = 0.39 µmol N L-1      Half saturation constant for NO3 

 

 

𝑽𝑵,𝒎𝒂𝒙𝒅𝒛 = 𝝁𝒎𝒂𝒙𝒅𝒛

𝜻𝑵
8𝑸𝑵,𝒎𝒊𝒏

𝒅𝒛

𝑸𝑵
𝒅𝒛 > 2𝟏 − 𝝃𝑸𝑪𝒉𝒍

𝒅𝒛,𝑪4 8 (𝟏Q𝑸𝑵
𝒅𝒛/𝑸𝑵,𝒎𝒂𝒙

𝒅𝒛 )𝟐

(𝟏Q𝑸𝑵
𝒅𝒛/𝑸𝑵,𝒎𝒂𝒙

𝒅𝒛 )𝟐	b(𝑲𝒊𝒏𝒉)𝟐	
> ×𝒎𝒂𝒙2𝑳𝑷𝒅𝒛, 𝑳𝑭𝒆𝒅𝒛4   

 Max uptake rate of N 

 (Equation 3.14) 

𝜻𝑵        = 2.3 mol C mol-1 N     cost of biosynthesis based on N 

𝑸𝑵,𝒎𝒊𝒏𝒅𝒛  = 0.13 mol N mol-1 C   Minimum N quota of diazotroph 

𝑸𝑵,𝒎𝒂𝒙𝒅𝒛  = 0.16 mol N mol-1 C   Maximum N quota of diazotroph 

𝑸𝑵𝒅𝒛  = Actual N:C quota of diazotroph  (mol/mol) 

𝝃𝑸𝑪𝒉𝒍
𝒅𝒛,𝑪 = fraction of protoplasmic N required for pigment synthesis (unitless) 

𝟏 − 𝝃𝑸𝑪𝒉𝒍
𝒅𝒛,𝑪	= fraction of protoplasmic N remaining for nutrient uptake and  

  assimilation (unitless) 

𝑳𝑷𝒅𝒛, 𝑳𝑭𝒆𝒅𝒛  = Fraction of Diazotroph maximum growth rate allowed by P and Fe  

 limitation (unitless) 

𝑲𝒊𝒏𝒉     = 0.05 (unitless) 
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3.2.3 Diazotroph Phosphorus Biomass 
 

Diazotroph P biomass (𝑷𝑷𝒅𝒛) is parameterised following the other PFTs in the model. 

For maximum P uptake by diazotrophs however, the uptake of nitrogen via nitrogen 

fixation is added to account for the extra P requirement of nitrogen fixation. 

 
𝝏𝑷𝑷𝒅𝒛

𝝏𝒕 = %𝟏 − 𝝏𝒅𝒛(%𝑽𝑷𝑶𝟒𝒅𝒛 +	𝑽𝑫𝑶𝑷𝒅𝒛 (𝑷𝑪𝒅𝒛 −𝒎𝒅𝒛 𝑷𝑪𝒅𝒛

𝑲𝒎 +𝑷𝑪𝒅𝒛
𝑷𝑷𝒅𝒛 − 𝒔𝒉	 ×	𝒘𝒅𝒛𝑷𝑪𝒅𝒛𝑷𝑷𝒅𝒛 − 𝒈𝒁%𝑷𝑪𝒅𝒛(𝒁𝑸𝑷𝒅𝒛

− 𝒈𝑴%𝑷𝑪𝒅𝒛(𝑴𝑸𝑷𝒅𝒛 

 (Equation 3.15) 

 

Uptake of P: 

𝑽𝑷𝑶𝟒𝒅𝒛 =	𝑽𝑷,𝒎𝒂𝒙𝒅𝒛 U 𝑷𝑶𝟒

d
8𝟏:𝑭𝑨,𝑷

𝒅𝒛 <

𝑭𝑨,𝑷
𝒅𝒛 e𝑲𝑷𝑶𝟒

𝒅𝒛 b𝑷𝑶𝟒
V × 2𝟏 − 𝑭𝑨,𝑷𝒅𝒛 4   

  uptake of PO4 by diazotroph (mmol P L-1 s-1) 

  (Equation 3.16) 

 

𝑽𝑫𝑶𝑷𝒅𝒛 =	𝑽𝑷,𝒎𝒂𝒙𝒅𝒛

⎝

⎜⎜
⎛ 𝑫𝑶𝑷
𝑲𝑫𝑶𝑷
𝒅𝒛 b𝑫𝑶𝑷

	× 	

⎝

⎜
⎛
𝟏 − U 𝑷𝑶𝟒

d
8𝟏:𝑭𝑨,𝑷

𝒅𝒛 <

𝑭𝑨,𝑷
𝒅𝒛 e𝑲𝑷𝑶𝟒

𝒅𝒛 b𝑷𝑶𝟒
V

⎠

⎟
⎞

⎠

⎟⎟
⎞

   

  DOP uptake by diazotroph (mmol P L-1 s-1) 

  (Equation 3.17) 

 

𝑷𝑶𝟒  = Available phosphate pool (µmol L-1) 

𝑫𝑶𝑷  = Available DOP pool (µmol L-1) 

𝑭𝑨,𝑷𝒅𝒛   = P allocated to surface sites (unitless) 

𝑲𝑷𝑶𝟒
𝒅𝒛   = 0.012 µmol P L-1  (nanophytoplankton = 0.024 µmol P L-1)     

 Half saturation constant for PO4 

𝑲𝑫𝑶𝑷
𝒅𝒛   = 3.4 µmol P L-1      Half saturation constant for DOP  
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𝑽𝑷,𝒎𝒂𝒙𝒅𝒛 = F𝑷𝟎
𝑵𝟎
G 𝝁𝒎𝒂𝒙

𝒅𝒛

𝜻𝑵
8𝑸𝑵,𝒎𝒊𝒏

𝒅𝒛

𝑸𝑵
𝒅𝒛 > 2𝟏 − 𝝃𝑸𝑪𝒉𝒍

𝒅𝒛,𝑪4𝑳𝑭𝒆𝒅𝒛 8
(𝟏Q𝑸𝑷

𝒅𝒛/𝑸𝑷,𝒎𝒂𝒙
𝒅𝒛 )𝟐

(𝟏Q𝑸𝑷
𝒅𝒛/𝑸𝑷,𝒎𝒂𝒙

𝒅𝒛 )𝟐	b(𝑲𝒊𝒏𝒉)𝟐	
> + 𝑽𝑵𝒇𝒊𝒙𝒅𝒛     

  Max uptake rate of P 

    (Equation 3.18) 

 

𝑸𝑷,𝒎𝒂𝒙𝒅𝒛   = 11 mmol P mol-1 C   Maximum P quota of diazotroph 

𝑸𝑷𝒅𝒛  = Actual P:C quota of diazotroph (mol/mol) 

 

3.2.4 Diazotroph Iron Biomass 
 
Diazotroph Fe biomass is parameterised in the same way as the other PFTs however, 

there is an additional Fe cost associated with nitrogen fixation which is included in the 

calculation of Fe limitation (see section 3.2.6). 

 
𝝏𝑷𝑭𝒆𝒅𝒛

𝝏𝒕 = %𝟏 − 𝝏𝒅𝒛(𝑽𝑭𝒆𝒅𝒛𝑷𝑪𝒅𝒛 −𝒎𝒅𝒛 𝑷𝑪𝒅𝒛

𝒌𝒎 +𝑷𝑪𝒅𝒛
𝑷𝑭𝒆𝒅𝒛 − 𝒔𝒉	 ×	𝒘𝒅𝒛𝑷𝑪𝒅𝒛𝑷𝑭𝒆𝒅𝒛 − 𝒈𝒁%𝑷𝒅𝒛(𝒁𝑸𝑭𝒆𝒅𝒛

− 𝒈𝑴%𝑷𝒅𝒛(𝑴𝑸𝑭𝒆𝒅𝒛 

 (Equation 3.19) 

 

Uptake of Fe: 

𝑽𝑭𝒆𝒅𝒛 = 𝑽𝑭𝒆,𝒎𝒂𝒙𝒅𝒛 𝒙𝑭𝒆𝒅𝒛 b
𝟏.𝟖×𝒙𝑵𝑶𝟑

𝒅𝒛

𝒙𝑵𝑶𝟑
𝒅𝒛 b𝒙𝑵𝑯𝟒

𝒅𝒛 × 2𝟏 − 𝒙𝑭𝒆𝒅𝒛4c        Uptake of Fe by diazotroph 

 (Equation 3.20) 

 

𝑽𝑭𝒆,𝒎𝒂𝒙𝒅𝒛 = 𝑸𝑭𝒆,𝒎𝒂𝒙𝒅𝒛 𝝁𝒎𝒂𝒙𝒅𝒛

𝜻𝑵
8𝑸𝑵,𝒎𝒊𝒏

𝒅𝒛

𝑸𝑵
𝒅𝒛 > 2𝟏 − 𝝃𝑸𝑪𝒉𝒍

𝒅𝒛,𝑪4 8 (𝟏Q𝑸𝑭𝒆
𝒅𝒛/𝑸𝑭𝒆,𝒎𝒂𝒙

𝒅𝒛 )𝟐

(𝟏Q𝑸𝑭𝒆
𝒅𝒛/𝑸𝑭𝒆,𝒎𝒂𝒙

𝒅𝒛 )𝟐	b(𝑲𝒊𝒏𝒉)𝟐	
>     

 Max uptake rate of Fe 

 (Equation 3.21) 

 

𝒙𝑭𝒆𝒅𝒛 = U 𝑭𝒆

d
8𝟏:𝑭𝑨,𝑭𝒆

𝒅𝒛 <

𝑭𝑨,𝑭𝒆
𝒅𝒛 e𝑲𝑭𝒆

𝒅𝒛b𝑭𝒆
V × 2𝟏 − 𝑭𝑨,𝑭𝒆𝒅𝒛 4    Cellular allocation of Fe  (Equation 3.22) 

 

𝑸𝑭𝒆,𝒎𝒂𝒙𝒅𝒛   = 80x10-6 mol Fe mol-1 C   Maximum Fe quota of diazotroph 

𝑸𝑭𝒆𝒅𝒛  = Actual Fe:C quota of diazotroph (mol/mol) 
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𝑲𝑭𝒆
𝒅𝒛  = 10 nmol Fe L-1 (nanophytoplankton = 3 nmol Fe L-1)    Half saturation  

 constant for Fe 

𝑭𝑨,𝑭𝒆𝒅𝒛  = Fe allocated to surface sites (unitless) 

 

3.2.5 Diazotroph Chlorophyll Biomass 
 

Chlorophyll biomass (𝑷𝑪𝒉𝒍𝒅𝒛 ) is calculated in the same way as the other PFTs in the 

model using Geider et al. (1998) photoadaptive model which converts nitrogen uptake 

into assimilated chlorophyll biomass using the ratio of energy assimilated to energy 

absorbed (𝝆𝒅𝒛,𝑪𝒉𝒍, equation 3.24). The value of 144 in equation 3.24 is the square of 

the molar mass of C and is used to convert from mol to mg as chlorophyll is reported 

in mg Chl m-3. 

 
𝝏𝑷𝑪𝒉𝒍𝒅𝒛

𝝏𝒕 = %𝟏 − 𝝏𝒅𝒛(𝑸𝑪𝒉𝒍,𝒎𝒂𝒙
𝒅𝒛,𝑵 × 𝝆𝒅𝒛,𝑪𝒉𝒍%𝑽𝑵𝑶𝟑𝒅𝒛 +	𝑽𝑵𝑯𝟒𝒅𝒛 + 𝑽𝑵𝑭𝑰𝑿𝒅𝒛 (𝑷𝑪𝒅𝒛 −𝒎𝒅𝒛 𝑷𝑪𝒅𝒛

𝒌𝒎 +𝑷𝑪𝒅𝒛
𝑷𝑪𝒉𝒍𝒅𝒛 	

− 𝒔𝒉	 ×	𝒘𝒅𝒛𝑷𝑪𝒅𝒛𝑷𝑪𝒉𝒍𝒅𝒛 − 𝒈𝒁%𝑷𝒅𝒛(𝒁𝑸𝑪𝒉𝒍
𝒅𝒛,𝑪 − 𝒈𝑴%𝑷𝒅𝒛(𝑴𝑸𝑪𝒉𝒍

𝒅𝒛,𝑪 

  (Equation 3.23) 

 

𝝆𝒅𝒛,𝑪𝒉𝒍 = pqq𝝁𝑷
𝒅𝒛𝑷𝑪

𝒅𝒛

𝜶𝒅𝒛𝑷𝑪𝒉𝒍
𝒅𝒛 𝑷𝑨𝑹𝒅𝒛

   energy assimilated: energy absorbed (Geider et al., 1996) 

 (Equation 3.24) 

𝑸𝑪𝒉𝒍,𝒎𝒂𝒙
𝒅𝒛,𝑵   = 0.3 g Chl g-1 N   Maximum Chl to N ratio of diazotroph 

𝑸𝑪𝒉𝒍
𝒅𝒛,𝑪  = Actual Chl:C ratio of the diazotroph (g Chl g-1 C) 

𝑷𝑨𝑹𝒅𝒛   = Photosynthetically available radiation (W m-2) 

𝜶𝒅𝒛   = 2 Wm-2 d-1 (nanophytoplankton = 4 Wm-2 d-1)       Initial slope of P-I curve 

 

3.2.6 Nutrient Limitation 
 

The nutrient limitation terms are calculated in the same way for all phytoplankton. 

Nutrient limitation within PISCES QUOTA is controlled by the optimal allocation of 

resources and a chain of limitations such that the cellular P controls N assimilation 

(Pahlow 2005, Pahlow et al., 2013, Kwiatkowski et al., 2018, Pahlow et al., 2020). 

Therefore, overall nutrient limitation only considers N and Fe limitation as P limitation 

is accounted for within N limitation (Equation 3.25). 
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𝑳𝒍𝒊𝒎𝒅𝒛 = 𝒎𝒊𝒏(𝑳𝑵𝒅𝒛, 𝑳𝑭𝒆𝒅𝒛)           Overall nutrient limitation  (Equation 3.25) 

 

𝑳𝑵𝒅𝒛 		= 𝒎𝒂𝒙8𝟎, 𝟏Q	𝑸𝑵,𝒎𝒊𝒏
𝒅𝒛 /𝑸𝑵

𝒅𝒛

𝟏Q	𝑸𝑵,𝒎𝒊𝒏
𝒅𝒛 /𝑸𝑵,𝒎𝒂𝒙

𝒅𝒛 >      N limitation (Equation 3.26) 

 

𝑸𝑵,𝒎𝒊𝒏𝒅𝒛   = 0.13 mol N mol-1 C (nanophytoplankton = 0.08 mol N mol-1 C)    

 Minimum N quota of diazotroph 

𝑸𝑵,𝒎𝒂𝒙𝒅𝒛   = 0.16 mol N mol-1 C   Maximum N quota of diazotroph 

𝑸𝑵𝒅𝒛  = Actual N:C quota of diazotroph (mol/mol) 

 

𝑳𝑷𝒅𝒛 = 𝒎𝒊𝒏8𝟏, 𝑸𝑷
𝒅𝒛Q𝑸𝑷,𝒎𝒊𝒏

𝒅𝒛

𝑸𝑷,𝒎𝒂𝒙
𝒅𝒛 Q𝑸𝑷,𝒎𝒊𝒏

𝒅𝒛 >      P limitation (Equation 3.27) 

 

𝑸𝑷,𝒎𝒊𝒏𝒅𝒛   = 2.8 mmol P mol-1 C (nanophytoplankton = 2.2 mmol P mol-1 C)  

 Minimum P quota of diazotroph 

𝑸𝑷,𝒎𝒂𝒙𝒅𝒛   = 11 mmol P mol-1 C   Maximum P quota of diazotroph 

𝑸𝑷𝒅𝒛  = Actual P:C quota of diazotroph (mol/mol) 

 

𝑳𝑭𝒆𝒅𝒛 		= 𝒎𝒂𝒙8𝟎, 𝑸𝑭𝒆
𝒅𝒛Q𝑸𝑭𝒆,𝒎𝒊𝒏

𝒅𝒛

𝑸𝑭𝒆,𝒐𝒑𝒕
𝒅𝒛 >      Fe limitation (Equation 3.28) 

 

𝑸𝑭𝒆,𝒐𝒑𝒕𝒅𝒛   = 21x10-6 mol Fe mol-1 C (nanophytoplankton = 7x10-6 mol Fe mol-1 C)    

 Optimum Fe quota of diazotroph 

𝑸𝑭𝒆𝒅𝒛  = Actual Fe:C quota of diazotroph (mol/mol) 

 

For Fe limitation however, the minimum Fe requirement (𝑸𝑭𝒆,𝒎𝒊𝒏𝒅𝒛 ) of the diazotroph 

accounts for the Fe required for photosynthesis, respiration, and nitrate reductase in 

the same way as other PFTs, but there is an additional Fe requirement term that is 

added which accounts for the Fe required for nitrogen fixation. Following Kustka et 

al. (2003a) the total Fe required for growth on N2 is ~30-50x10-6 mol Fe mol-1 C, 

nitrogenase accounts ~25% of this Fe requirement therefore the Fe cost of nitrogen 

fixation is ~10x10-6 mol Fe mol-1 C. There is also an additional 3x10-6 mol Fe mol-1 C 
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Fe cost associated with the production of superoxide dismutase which is required to 

consume the radical oxygen species produced by the Mehler reaction which is 

performed to protect nitrogenase from oxygen denaturation. The total Fe requirement 

of nitrogen fixation is therefore 13x10-6 mol Fe mol-1 C. 
 

 

 

𝑸𝑭𝒆,𝒎𝒊𝒏𝒅𝒛 =
0.00167
55.85 𝑸𝑪𝒉𝒍

𝒅𝒛,𝑪 +
1.21𝐸,- × 14
55.85	 × 7.625 × 1.5 +	

1.15𝐸,- × 14
55.85	 × 7.625𝒙𝑵𝑶𝟑

𝒅𝒛 + 13𝐸,1 × 𝑭𝒂𝒄𝒖𝒍 

 (Equation 3.29) 

 

A summary of the parameters and their values is provided in Table 3.1. 

 

  

Photosynthesis Respiration Nitrate reductase Nitrogen Fixation 
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Table 3.1. Table of diazotroph model parameters 

Parameter	 Value	 Description	 Reference	

𝜻𝑵𝑶𝟑𝒅𝒛 	 2.3	 mol	C	mol-1	N	 Cost	of	biosynthesis	based	on	NO3.	
Same	as	for	other	PFTs	 Pahlow	(2005)	

𝜻𝑵𝑯𝟒𝒅𝒛 	 1.8	 mol	C	mol-1	N	 Cost	of	biosynthesis	based	on	NH4.	
Same	as	for	other	PFTs	 Pahlow	(2005)	

𝜻𝑵𝑭𝑰𝑿𝒅𝒛 	 6.6	 mol	C	mol-1	N	 Cost	of	biosynthesis	based	on	N2.	 Pahlow	et	al.	(2013)	

𝑲𝑵𝑶𝟑
𝒅𝒛 	 0.39	 µmol	N	L-1	 NO3	half	saturation	for	

diazotrophs,	same	as	nano	
Kwiatkowski	et	al.	

(2018)	

𝑲𝑵𝑯𝟒
𝒅𝒛 	 0.13	 µmol	N	L-1	 NH4	half	saturation	for	

diazotrophs,	same	as	nano	
Kwiatkowski	et	al.	

(2018)	

𝑲𝑷𝑶𝟒
𝒅𝒛 	 0.012	 µmol	P	L-1	 PO4	half	saturation	for	diazotrophs	

(1/2x	nano)	 this	study	

𝑲𝑫𝑶𝑷
𝒅𝒛 	 3.5	 µmol	P	L-1	 DOP	half	saturation	for	

diazotrophs	 this	study	

𝑲𝑭𝒆
𝒅𝒛	 10	 nmol	Fe	L-1	 Fe	half	saturation	for	diazotrophs	

(~3x	nano	kFe)	 Kustka	et	al.	(2003b)	

𝑸𝑵,𝒎𝒊𝒏𝒅𝒛 	 0.13	 mol	N	mol-1	C	
Minimum	N	quota,	increased	from	
nanos	following	Pahlow	et	al.	
(2020)	

Pahlow	et	al.	(2013)	

𝑸𝑵,𝒎𝒂𝒙𝒅𝒛 	 0.16	 mol	N	mol-1	C	 Maximum	N	quota,	same	as	nanos	 Kwiatkowski	et	al.	
(2018)	

𝑸𝑷,𝒎𝒊𝒏𝒅𝒛 	 2.8	 mmol	P	mol-1	
C	

Minimum	P	quota,	increased	from	
nanos	following	Pahlow	et	al.	
(2020)	

Pahlow	et	al.	(2013)	

𝑸𝑷,𝒎𝒂𝒙𝒅𝒛 	 11	 mmol	P	mol-1	
C	 Maximum	P	quota,	same	as	nanos	 Kwiatkowski	et	al.	

(2018)	

𝑸𝑭𝒆,𝒐𝒑𝒕𝒅𝒛 	 21	 µmol	Fe	mol-1	
C	 Optimum	Fe	quota	(3x	nanos)	 Kustka	et	al.	(2003b)	

𝑸𝑭𝒆,𝒎𝒂𝒙𝒅𝒛 	 80	 µmol	Fe	mol-1	
C	 Maximum	Fe	quota,	same	as	nanos	 Kwiatkowski	et	al.	

(2018)	

𝑸𝑲𝒖𝒔𝒕𝒌𝒂𝑭𝒆,𝑵𝑭𝑰𝑿𝒅𝒛 	 13	 µmol	Fe	mol-1	
C	

Fe	quota	required	for	nitrogen	
fixation	 Kustka	et	al.	(2003a)	

𝑸𝑪𝒉𝒍,𝒎𝒂𝒙
𝒅𝒛,𝑵 	 0.3	 mol	Chl	mol-1	

N	 Max	Chl/N	quota,	same	as	nanos	 Kwiatkowski	et	al.	
(2018)	

𝜶𝒅𝒛	 2	 Wm-2	d-1	 P-I	slope,	(1/2x	nanos)	following	
Pahlow	et	al.	(2013)	 Pahlow	et	al.	(2013)	

mdz	 0.01	 d-1	 Mortality	rate,	same	as	nanos	 Kwiatkowski	et	al.	
(2018)	

wdz	 0.01	 d-1	mol-1	C	 Quadratic	mortality	rate,	same	as	
nanos	

Kwiatkowski	et	al.	
(2018)	

𝝏𝒅𝒛	 0.05	 	 Exudation	of	DOC,	same	as	nanos	 Kwiatkowski	et	al.	
(2018)	

𝑷𝒓𝒆𝒇𝒎𝒆𝒔𝒐𝒅𝒛 	 0.2	 (0.3,	1)	

Mesozooplankton	preference	for	
Diazos,	reduced	to	account	for	
toxicity	of	diazotrophs.	Preference	
of	nanophytoplankton	and	
diatoms	shown	in	parenthesises.	

Carpenter	and	
Capone	(2008)	

𝑷𝒓𝒆𝒇𝒎𝒊𝒄𝒓𝒐𝒅𝒛 	 0.4	 (1,	0.8,	1)	

Microzooplankton	preference	for	
Diazos,	reduced	to	account	for	
toxicity	of	diazotrophs.	Preference	
of	nanophytoplankton,	diatoms	
and	picophytoplankton	shown	in	
parenthesises.	

Carpenter	and	
Capone	(2008)	
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3.3. Model Output: DIAZO vs QUOTA scaled 
 

3.3.1. Global Comparison 
 

To assess how the new parameterisation of diazotrophy has affected the model an 

intercomparison between the new model (DIAZO) and the implicit diazotroph 

(QUOTA scaled) was performed. To directly compare DIAZO and QUOTA, we 

scaled the baseline nitrogen fixation rate for QUOTA scaled by 0.8 to produce a similar 

value of global integrated nitrogen fixation for both QUOTA scaled (59.8 Tg N yr-1) 

and the DIAZO (56.7 Tg N yr-1). For net primary productivity (NPP) and C export 

there was a slight increase in the DIAZO model by 0.4 Pg C yr-1 and 0.05 Pg C yr-1 

respectively (Table 3.2). From the literature, global estimates of nitrogen fixation 

range from 68 – 164 Tg N yr-1 (Gruber and Sarmiento, 1997, Luo et al., 2012, Luo et 

al., 2014, Jickells et al., 2017, Wang et al., 2019, Tang et al., 2019a), global NPP ranges 

from ~20 – 80 Pg C yr-1 (Carr et al., 2006, Field et al., 1998, Behrenfeld et al., 2005, 

Laufkötter et al., 2015) and global C export is estimated at ~5 – 14 Pg C yr-1 (Laws et 

al., 2000, Henson et al., 2011, Siegel et al., 2014) revealing that both models fall within 

these ranges for NPP and C export but are slightly underestimating nitrogen fixation 

(Table 3.2). The sum of sedimentary and water column denitrification was altered by 

only 2.2 Tg N yr-1 for the DIAZO model, relative to the QUOTA scaled. Overall, our 

new model shows very similar biological C cycling at a global scale and remains 

closely aligned with the standard PISCES QUOTA model. The supply of N to the 

ocean from atmospheric deposition and riverine input is identical for both models, with 

supplying 68 Tg N yr-1 and 36 Tg N yr-1 respectively. The magnitude of riverine N 

supply is similar to previous estimates of 34 Tg N yr-1 (Jickells et al., 2017). The supply 

of N from atmospheric deposition, however, is much greater than current estimates of 

~40 Tg N yr-1 (Jickells et al., 2017, Buchanan et al., 2021). The current overestimation 

of atmospheric N deposition within the model will inhibit nitrogen fixation and may 

explain why both models currently underestimate marine nitrogen fixation.  
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Table 3.2. Globally integrated nitrogen fixation, net primary productivity, carbon export and 

total denitrification (sediment and water column) from 100m for DIAZO and QUOTA scaled 

parameterisations. 

 
 

3.3.2. Spatial Comparison 
 

3.3.2.1. Nitrogen Fixation 
 

The spatial distribution of nitrogen fixation revealed that for the DIAZO model the 

pattern of nitrogen fixation was more regionally localised than that of the QUOTA 

scaled model (Figure 3.1A and B). This can be seen when looking at the anomaly 

between the DIAZO and QUOTA scaled model (Figure 3.1C), which revealed that in 

the DIAZO model, nitrogen fixation had increased by between 10 to 50% in a set of 

hotpots in the Western North Atlantic and regions of the South Atlantic, Western 

Pacific and Northern Indian Ocean. These increases were compensated for by 

decreases across parts of the subtropical ocean of between ~10 to 30%, relative to the 

QUOTA scaled model (Figure 3.1C). The changes to the spatial distribution of 

nitrogen fixation in the DIAZO model may be due to the competition with the other 

PFTs that the diazotroph is exposed to in the DIAZO model or grazing losses, neither 

of which are accounted for in the implicit scheme used for the QUOTA scaled model. 

 
Figure 3.1. Spatial patterns of depth integrated nitrogen fixation for: A) DIAZO model, B) 

QUOTA scaled model and C) the anomaly between the two (DIAZO-QUOTA scaled). Values 

above the maps indicate the globally integrated value 

 

 

Nitrogen Fixation 
(Tg N yr⁻¹)

Net Primary Productivity 
(Pg C yr⁻¹) 

C export from 100m 
(Pg C yr⁻¹) 

Total Denitrification    
(Tg N yr⁻¹)

DIAZO 56.7 68.6 7.16 96.9

QUOTA scaled 59.8 68.2 7.11 94.7

Anomaly -3.1 0.4 0.05 2.2
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3.3.2.2. Net Primary Productivity 
 

Comparing the spatial maps of NPP revealed broadly similar patterns across both the 

DIAZO and QUOTA scaled models (Figure 3.2). The anomaly revealed that there was 

some variation between the two models, but differences are much smaller than for N2 

fixation (±0 - 10%), with the regions of increased NPP occurring where there was also 

an increase in N2 fix for the DIAZO model (Figure 3.1C and 3.2C). Increased NPP in 

regions where N2 fix is also increasing arises because the DIAZO model accounts for 

the biomass and NPP associated with the explicit diazotroph group which is ignored 

by the implicit scheme used in the QUOTA scaled model. Elevated NPP also likely 

occurs due to the additional local supply of fixed N in these regions from N2 fixation. 

 

 
Figure 3.2. Spatial patterns of depth integrated net primary productivity for: A) DIAZO 

model, B) QUOTA scaled model and C) the anomaly between the two (DIAZO-QUOTA 

scaled). Values above the maps indicate the globally integrated value. 

 

3.3.2.3. Carbon Export 
 

The spatial pattern of C export was relatively consistent between the two models with 

slight increases and decreases of between 1 – 10 %, relative to the QUOTA scaled 

model (Figure 3.3). Regions with increases in C export are unsurprisingly those 

regions that also have increased NPP (Figure 3.2C) with the opposite true for regions 

of decrease. 
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Figure 3.3. Spatial patterns of carbon export from 100 m for: A) DIAZO model, B) QUOTA 

scaled model and C) the anomaly between the two (DIAZO-QUOTA scaled). Values above the 

maps indicate the globally integrated value. 

 

3.3.2.4. Total Chlorophyll 
 

The total chlorophyll is the sum of the chlorophyll biomass of each PFT, so for the 

QUOTA scaled model this is for the 3 PFTs and for the DIAZO this is for the 4 PFTs, 

including the new diazotroph. Comparing the two models revealed a broad increase of 

between 1 – 10% in total chlorophyll for the DIAZO model compared to the QUOTA 

scaled model (Figure 3.4). The regions of strongest increase coincide with the regions 

of increase in nitrogen fixation in the DIAZO model indicating the role of additional 

diazotroph chlorophyll biomass not accounted for by the implicit scheme used in the 

QUOTA scaled model. 

 

 
Figure 3.4. Spatial patterns of total chlorophyll for: A) DIAZO model, B) QUOTA scaled 

model and C) the anomaly between the two (DIAZO-QUOTA scaled). 

 

3.3.2.5. Nutrients 
 

Comparing the nutrient fields from both models reveals slight increase in PO4 for the 

DIAZO model in the Pacific (Figure 3.5A, B and C). In the DIAZO model, all PFTs 

can take up DOP as a form of P and so this increase in the Pacific will in part be simply 
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due to additional supply of PO4 from remineralisation and grazing. The decrease in the 

PO4 pool in the Western Pacific is consistent with greater consumption where there is 

increased diazotrophy. However, for both regions of increase and decrease, the surface 

PO4 varied by less than 1% so these changes are very small. For the NO3 pool there is 

a larger decrease that occurs in the DIAZO model in the North Atlantic (Figure 3.5D, 

E and F). The diazotroph in the DIAZO model is facultative, therefore it can take up 

other forms of fixed N such as NO3 and NH4 and diazotroph biomass in this region 

would thus consume extra NO3. Although the decrease in the NO3 pool appears large 

in absolute terms, it is only a decrease of <10 %. The tracer N* can also be used to 

diagnose regions of N excess and deficit, relative to P. Positive N* implies an excess 

of N relative to P and therefore a source of N e.g., nitrogen fixation > denitrification, 

the opposite is true for negative N* which indicates a deficit in N and a sink of N e.g., 

denitrification > nitrogen fixation (Gruber and Sarmiento, 1997). Comparing the 

spatial patterns of N* revealed that for both models N* tracks regions of high nitrogen 

fixation in the Pacific and Indian basins with less negative values in the Western 

Pacific for the DIAZO model compared to the QUOTA scaled model due to enhanced 

nitrogen fixation in the DIAZO model (Figure 3.1A, B and Figure 3.5G, H). In the 

Atlantic basin N* becomes very positive in the North but in both models, nitrogen 

fixation was relatively low and so this signal is more likely to be a downstream effect 

of nitrogen fixation elsewhere in the basin. The anomaly of the N* for both models 

revealed that in the Western Pacific the DIAZO model had more positive N* values 

due to greater N2 fixation, but in the North Atlantic the DIAZO model had stronger 

negative N* compared to the QUOTA scaled model which may have resulted due to 

the consumption of N by diazotrophs in the DIAZO model (Figure 3.5I). Changes in 

N* may also arise due to changes in NO3 consumption during denitrification. Overall, 

changes in denitrification between the DIAZO and QUOTA scaled model were ~1-5% 

regionally and will contribute to the changes in N* in upwelling regions that overly 

denitrification zones.  
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3.3.2.6. Particle N/P 
 

Comparison of the N:P ratio of particles revealed that the DIAZO model showed a 

large, localised increase of ~50% in the N:P ratio in the subtropical North Atlantic 

compared to the QUOTA scaled model. However, on the whole, particle N/P ratios 

decreased by up to 40% over the remainder of the ocean, due to the QUOTA scaled 

model having a greater N:P ratio throughout the Atlantic and Indian oceans (Figure 

3.6). Martiny et al. (2014) reported a global median particulate organic nitrogen (PON) 

to particulate organic phosphorus (POP) ratio of 22 (based on 5948 observations). For 

both models the Pacific Ocean particulate N:P ratio is ~20-30 which agrees with the 

observations. The QUOTA scaled model had values much greater than 22 throughout 

the Atlantic and Indian oceans (>50), whereas the DIAZO model only has values much 

greater than the observed value of 22 in localised regions of the North Atlantic and 

South Indian Ocean, with a particulate N:P of <40 throughout much of the basins.  

This may suggest that our explicit diazotroph model is better representing the 

particulate pools than the implicit model. 

 
Figure 3.6. Spatial patterns of particulate N:P ratio for: A) DIAZO model, B) QUOTA scaled 

model and C) the anomaly between the two (DIAZO-QUOTA scaled). 

 

3.3.3. Correlation with World Ocean Atlas 
 

Correlations between World Ocean Atlas (WOA) upper 100 m PO4 and NO3 and the 

outputs from the DIAZO and QUOTA scaled models revealed that both models are 

reproducing the PO4 and NO3 fields reasonably well both globally and in the two basins 

(Table 3.3). Both models however appear to be reproducing the low DIP data from 

Martiny et al. (2019) relatively poorly suggesting that the models ability to reproduce 

P concentrations at the lower end of the scale may be flawed. The strong correlation 

between the models and WOA is not surprising as WOA and other similar 
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climatologies are often used to optimise ocean biogeochemical models. Martiny et al. 

(2019) identified that biases existed in both WOA and ESMs low P concentrations, 

this may explain the low correlation between the low DIP data and the models in this 

study. 
 

Table 3.3. Correlation of upper 100m PO4 and NO3 from World Ocean Atlas with the output 

from the DIAZO and QUOTA scaled parameterisations and correlation of mean PO4 from the 

upper 200 m from the DIAZO and QUOTA scaled models with the low P database of Martiny 

et al. (2019). 

 
 

3.3.4. Comparison with Observations and Machine Learning Estimates of N2 
Fixation  

 

To assess the performance of the models, the spatial distribution of nitrogen fixation 

was compared to an updated database of nitrogen fixation observations (Luo et al., 

2012, Tang et al., 2019b) and to several machine learning estimates of nitrogen 

fixation (Tang et al., 2019a). This highlighted that compared to both observations and 

machine learning approaches the QUOTA scaled model performed better than the 

DIAZO model (Table 3.4). Both models however performed better when compared to 

the machine learning approaches versus the observations, this may be due to the large 

range that occurs in observations from 0 - >1000 µmol N m-2 d-1. The difference in 

performance between the implicit QUOTA scaled and explicit DIAZO model may 

arise due to both top down and bottom-up controls which the explicit diazotroph is 

exposed to such as competition and predation which the implicit diazotroph scheme 

avoids. Neither model performs with great skill, which is a challenge in general to 

models of ocean nitrogen fixation. However, only our DIAZO model is able to 

mechanistically represent the drivers of diazotroph biomass dynamics. Comparing the 

Correlation	with	Martiny	et	
al.	(2019)

Upper	100m	PO4	 Upper	100m	NO3 Mean	PO4	upper	200	m
DIAZO Global 0.89 0.95 0.48

Atlantic 0.95 0.96 0.37
Pacific 0.88 0.93 0.44

QUOTA	scaled Global 0.90 0.95 0.48
Atlantic 0.95 0.95 0.37
Pacific 0.88 0.93 0.46

Correlation	with	WOA
Experiment Basin
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model data to the observations has several associated caveats. For example, 

observations are a snapshot of marine nitrogen fixation at a particular moment in time 

and rates can be highly variable depending on the time of year and composition of the 

phytoplankton community. The model, however, produces annual averaged rates of 

marine nitrogen fixation which are less variable leading to discrepancies between the 

model and observations. Another issue with comparing the model to observations is 

that some of the observations have been collected in coastal regions, which the model 

cannot represent due to the coarse resolution of the model. The machine learning 

approaches are essentially another type of model that have been trained using the 

observations of marine nitrogen fixation. These machine learning estimates will 

therefore have their own biases which could lead to disagreement with the models used 

in this study. Although there are caveats associated with comparing model data to both 

the observations and machine learning estimates, they remain one of only a few marine 

nitrogen fixation datasets with which to test the performance of the model.  

 
Table 3.4. Comparison of implicit (QUOTA scaled) and explicit (DIAZO) nitrogen fixation 

models to rates of nitrogen fixation from observations and machine learning approaches. 

 
 

3.4. Model Output: Sensitivity tests 
 

To further test the DIAZO model an ensemble of sensitivity tests were performed to 

assess the impact of the assumptions made about the Fe cost and half saturation 

constant for DOP (kDOP) had upon the model (Table 3.5). The reference scenario 

refers to the model output as described above. The first sensitivity experiment 

investigated the impact that the Fe cost of nitrogen fixation had upon the model. To do 

this 3 Fe cost scenarios were tested: 1) No Fe cost, 2) low Fe cost (1/2 reference) and 

3) high Fe cost (2x reference). The second sensitivity experiment tested how the kDOP 

QUOTA scaled DIAZO
R R

Observations                        
(Tang et al., 2019b) 

0.25 0.18

Random Forest                   
(Tang et al., 2019a)

0.60 0.51

Support Vector Regression 
(Tang et al., 2019a)

0.52 0.46
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for diazotrophs (kDOPdz) impacted the output of the model. In this experiment, the 3 

scenarios tested were: 1) the diazotroph had no access to DOP, 2) the kDOPdz was 

lowered and 3) the kDOPdz was increased. In this experiment, the kDOP for other 

PFTs was fixed so competition for DOP remained the same between the scenarios. 

The third sensitivity experiment examined how changing the kDOP for all PFTs would 

impact the model, the 3 scenarios were the same as for the second sensitivity test but 

the kDOP of all PFTs was changed.  

 
Table 3.5. Parameter settings for the sensitivity tests of DIAZO model. ref. indicates the value 

was the same as the reference simulation. 

 
 

3.4.1. Global Comparison 
 

3.4.1.1.  Iron Cost Experiments 
 

Comparing the Fe cost sensitivity experiments to the reference simulation revealed 

that if the Fe cost of N2 fixation was lowered or removed then global magnitudes of 

N2 fixation, NPP and C export all increased by ~10%, >1% and ~1%, respectively as 

the Fe cost declined (Table 3.6). When the Fe cost of N2 fixation was increased the 

opposite was true with an overall decrease in the three diagnostic variables with N2 

fixation decreasing by >10% and both NPP and C export decreasing by ~1-2%. In the 

reference simulation diazotrophs are mainly limited by Fe in the Pacific and N/P 

limited in the Atlantic and Indian oceans with some localised regions of Fe limitation 

in the S. Atlantic and S. Indian (Figure 3.7B). The increase in observed global N2 

fixation with a decrease in Fe cost occurs as a result of diazotroph minimum Fe 

requirement decreasing, this would in turn reduce Fe limitation on diazotrophs 
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increasing nitrogen fixation rates and expanding the ecological niche of diazotrophs 

into lower Fe waters (Figure 3.7). The opposite occurs for an increase in Fe cost which 

would ultimately increase diazotroph Fe limitation resulting in a restriction of N2 

fixation. 

 

The patterns observed for NPP and C export are a little bit more complicated to 

explain. The increase in NPP coinciding with a decrease in Fe cost of N2 fixation may 

be a result of increased diazotroph NPP and/or due to increased NPP by other 

phytoplankton which occurs because of a decrease in N limitation due to the supply of 

extra N from increased N2 fixation. Enhanced C export would then be a consequence 

of enhanced NPP and an increase in overall phytoplankton biomass. As the increased 

Fe cost causes N2 fixation to decrease, a subsequent reduction to diazotroph NPP and 

supply of N from N2 fixation would cause the decrease in NPP and C export. 

 

3.4.1.2. kDOP Diazotroph Experiments 
 

The kDOP diazo experiments revealed that increasing the diazotroph kDOP or 

switching off their access to DOP resulted in a decrease in global N2 fixation, NPP and 

C export by 5-10%, 1-2% and >1% respectively. Lowering the kDOP of diazotrophs 

however, led to an increase in all three variables with N2 fixation increasing by >10% 

and both NPP and C export increasing by ~1-2% (Table 3.6). Switching off diazotroph 

access to DOP would cause them to become P limited when the PO4 concentration in 

the model was drawn down, providing other phytoplankton with a competitive 

advantage due to their ability to access DOP being retained and in turn N2 fixation 

rates and diazotroph NPP to decline. Consequently, less N would be supplied from N2 

fixation causing other PFTs to be N limited reducing total NPP and C export. The same 

is true when the kDOP of diazotrophs is increased compared to other PFTs, this causes 

the diazotroph to be less competitive for DOP than other PFTs leading to P limitation 

and associated decreases in all three terms. However, decreasing the diazotroph kDOP 

relative to the reference and other PFTs enabled the diazotroph to outcompete the other 

PFTs for DOP resulting in the enhancement of N2 fixation in regions where the 

reference diazotroph is N/P limited leading to the subsequent increase in NPP and C 

export in these regions (Figure 3.7). 
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3.4.1.3. kDOP All PFTs Experiments 
 

When the kDOP for all PFTs was manipulated, N2 fixation, NPP and C export 

decreased globally compared to the reference scenario for all 3 experiments by 1-35%, 

<1% and <1% respectively (Table 3.6). The largest decreases occurred when DOP 

uptake for all PFTs was switched off and without access to DOP all PFTs became P 

limited when the PO4 concentration was drawn down. This caused a decrease in N2 

fixation, NPP and therefore C export across all PFTs. The decrease was more severe 

in this experiment compared to the experiment where only the diazotroph kDOP was 

manipulated because in the kDOP diazo experiments the other PFTs could access DOP 

and the remineralisation of their biomass resupplied PO4 that the diazotroph could also 

access, which alleviates some of their P stress. When DOP uptake was turned off for 

all PFTs this indirect P supply via DOP uptake by non-diazotrophs could not occur. 

Decreasing or increasing the kDOP for all PFTs resulted in a slight decrease in N2 

fixation, NPP and C export, as no phytoplankton gained an increased competitive 

advantage compared with the reference simulation. 

 
Table 3.6. Results of sensitivity experiments for globally integrated N2 fixation, net primary 

productivity and carbon export, showing the anomaly of each sensitivity test compared to the 

reference simulation. 

 
 

 

 



 81 

3.4.2. Spatial Comparison: Nitrogen Fixation 
 

The spatial pattern of depth integrated N2 fixation from the reference simulation 

revealed that rates of N2 fixation were relatively high throughout most of the Atlantic 

and Indian basins (>10 mmol N m-2 yr-1) with slightly lower rates occurring towards 

higher latitudes (<5 mmol N m-2 yr-1). The pattern in the Pacific was patchier with high 

rates of N2 fixation occurring in the Western and Northern Pacific (10 – 200 mmol N 

m-2 yr-1) and relatively low N2 fixation occurring in the gyres (<1 mmol N m-2 yr-1; 

Figure 3.7A). Investigating the patterns of diazotroph nutrient limitation in the 

reference simulation revealed that throughout most of the Atlantic and Indian oceans 

the diazotroph was N/P limited with some localised hotspots of Fe limitation in the 

south. However, in the Pacific the main limiting nutrient was Fe with some N/P 

limitation at higher latitudes (Figure 3.7B). 

 

3.4.2.1. Iron Cost Experiments 
 

Comparing spatial patterns of N2 fixation for the Fe cost experiments and the reference 

revealed that altering the Fe cost of diazotrophy leads to a basin scale response in 

Pacific N2 fixation, with decreased Fe cost stimulating Pacific diazotrophy by up to 

25%, whilst an increased Fe cost inhibited diazotrophy by 1-25% (Figure 3.7C, D and 

E). In the Atlantic and Indian basins, altering the Fe cost resulted in a regional 

redistribution of diazotrophy with an increase in the Fe cost enhancing N2 fixation in 

the centre the gyres by ~5-10% but decreasing N2 fixation in the margins by up to 

20%, the opposite was true when the Fe cost was decreased. When the Fe cost was 

decreased the magnitude of N2 fixation increased in regions that are typically low in 

Fe, such the Pacific Ocean, but decreased in magnitude in regions that are low in P 

such as the Southern Atlantic Ocean. In the reference simulation diazotrophs are Fe 

limited in the Pacific and so by reducing the Fe requirement of N2 fixation would 

alleviate Fe limitation promoting diazotrophy. On the other hand, in the Southern 

Atlantic, diazotrophs experience P limitation, reducing the Fe cost would result in 

further draw down of P by diazotrophs which would result in enhanced limitation of 

diazotrophy by P availability (Figure 3.7B).  The opposite patterns occur when the Fe 

cost of nitrogen fixation is increased with enhanced Fe limitation in the Pacific Ocean.  
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Delving into a transect through the Atlantic along the Atlantic meridional transect 

(AMT) cruise line along 24oW between 40oS and 40oN revealed that multiple peaks in 

N2 fixation occurred with 1 in the North and 2 in the South (Figure 3.8A). Comparing 

the Fe cost experiment to the reference simulation identified that the peak in N2 

fixation that occurs in the North is relatively stable with little variation between the 3 

runs, whilst the 2 peaks in the South appeared more susceptible to change in Fe cost 

with large differences occurring between the 3 runs (Figure 3.8A). The anomalies also 

highlighted the regional redistribution that occurs within the Atlantic, when the Fe cost 

was lowered N2 fixation decreased in the Southern gyre by up to 20 nmol L-1 d-1, whilst 

an increase in the Fe cost promoted diazotrophy by up to 25 nmol L-1 d-1. Investigating 

the diazotroph Fe limitation revealed that over much of the transect when the Fe cost 

was reduced diazotrophs were less limited by Fe indicated by the positive values, the 

opposite was true for an increase in Fe cost (Figure 3.8C). However, it appeared that 

at latitudes where the peaks in nitrogen fixation occurred the diazotroph was either not 

limited by Fe or was on the boundary between Fe replete and slight Fe limitation and 

therefore the changes to the Fe cost may not be substantial enough to add any 

advantage/disadvantage to the diazotroph in these regions. 

 

3.4.2.2. kDOP Diazotroph Experiments 
 

Spatial anomalies of N2 fixation from the kDOP diazo experiments compared to the 

reference simulation identified that altering the diazotroph’s ability to access DOP 

resulted in a basin scale response in N2 fixation in both the Atlantic and the Indian 

oceans, but in the Pacific a regional redistribution of N2 fixation occurred. When the 

diazotroph access to DOP was switched off or their kDOP was increased N2 fixation 

decreased in both the Atlantic and Indian basins by up to 20%. In the Pacific, the 

pattern was more complex with a decrease in N2 fixation of up to 20% between 20oN 

and 40oN and at ~5oN, these decreases which coincided with increases of ~1% that 

occurred between these regions. When the kDOP of diazotrophs was lowered basin 

scale increases in N2 fixation of up to 25% occurred in the Atlantic and Indian oceans, 

whilst the pattern reversed in the Pacific Ocean (Figure 3.7F, G and H). The decreases 

in N2 fixation that occurred as a result of increasing the kDOP of diazotrophs or 

switching off their DOP access, affected regions where the diazotroph was N/P limited 

(Figure 3.7B). Increasing the kDOP or restricting access to DOP caused the diazotroph 
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to become less competitive for P compared to other PFTs resulting in diazotrophs 

becoming more P limited due to the competition for PO4 and lack of DOP uptake. The 

opposite was true for the low diazo kDOP scenario, due to the increased 

competitiveness of the diazotroph for DOP, alleviating P limitation and hence 

enhancing N2 fixation (Figure 3.7G).  

 

Along the AMT transect the depth integrated N2 fixation rates further highlight the 

same basin scale changes that occurred in the Atlantic. When the kDOP of diazotrophs 

was decreased diazotrophy increased by 5 – 60 nmol L-1 d-1 over much of the basin 

compared to the reference simulation (Figure 3.9A). These regions of increased 

diazotrophy coincided with a decrease in diazotroph P limitation indicating that the 

diazotroph had gained a competitive advantage over the other PFTs alleviating some 

P limitation enhancing N2 fixation (Figure 3.9C). The opposite occurred for the 

increase in the kDOP and no DOP access runs with N2 fixation decreasing by up to 25 

nmol L-1 d-1 and 40 nmol L-1 d-1 respectively, due to the diazotroph being out compete 

for P leading to increased P limitation (Figure 3.9A). 

 

3.4.2.3. kDOP All PFTs Experiments 
 

Comparing the spatial pattern of N2 fixation for the kDOP all PFTs experiments 

revealed complex regional redistributions occurred across all three basins. Firstly, 

increasing or decreasing the kDOP of all PFTs resulted in opposing distributions in 

the Atlantic and Pacific oceans. Increasing the kDOP caused N2 fixation to increase in 

the gyres of the Atlantic by <5% and decrease in the margins by ~5%, the opposite 

pattern occurred for a decrease in the kDOP (Figure 3.7K). In the Pacific increasing 

the kDOP led to a decrease in N/P limited regions of ~5%, whereas a decrease in the 

kDOP produced an increase of up to 10% in N/P limited regions. When DOP uptake 

was halted for all PFTs, N2 fixation decreased across much of the ocean due to 

enhanced P limitation imposed by PO4 drawdown and lack of resupply of P from DOP 

remineralisation. However, there are a few hotspots of increased N2 fixation such as 

the subtropical North Atlantic which may occur as a result of N limitation of other 

PFTs restricting growth rates creating a niche for diazotrophy. In the low kDOP 

scenario the regions of decrease may be a result of increased DOP drawdown by all 

PFTs enhancing P limitation of diazotrophs and causing the reduction in N2 fixation, 
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whereas the regions of increase may be regions where the other PFTs become limited 

by N or Fe which provides a niche for the diazotroph to thrive. The opposite would be 

true for the high kDOP scenario, decreased DOP draw down leading to reduced P 

limitation causing more N uptake creating advantageous conditions for diazotrophy.  

 

The AMT transect highlighted the regional redistribution that occurred in the Atlantic. 

By far the largest decrease in N2 fixation of up to 110 nmol L-1 d-1 occurred in the 

simulation where no PFT could uptake DOP, the decreases coincided with regions of 

enhanced diazotroph P limitation and low total P drawdown compared to the reference. 

This indicates that because no PFT could access DOP, PO4 was the only source of P 

and was drawn down to low concentrations that restricted diazotrophy (Figure 3.10A, 

C).  For the increase and decrease in kDOP simulations, peaks in N2 fixation occurred 

when the change in diazotroph P limitation was positive indicating an increase in 

diazotrophs fitness for P, with decreases in N2 fixation where diazotroph P limitation 

was enhanced. To investigate the impact of competition between the PFTs the 

experiments where only diazotroph kDOP was impacted were compared to those 

where all PFTs were affected. It was revealed that when no PFT could access DOP the 

largest decreases in N2 fixation occurred, this was due to the PFTs only being able to 

access PO4 which restricted the available P pool that was able to be remineralised 

leading to enhance P limitation (Figure 3.10A and C). In contrast when only diazotroph 

DOP uptake was switched off, diazotrophs were still able to achieve relatively high N2 

fixation rates due to the resupply of PO4 from the remineralisation of the other 

phytoplankton which were able to access DOP (Figure 3.9A). Another comparison 

that can be made is when the kDOP was decreased for all PFTs vs just diazotrophs, in 

these runs when only kDOP of the diazo was decreased peaks in N2 fixation were 

~30% greater than when kDOP was lowered for all PFTs. This highlights that lowering 

only the diazo kDOP provides the diazotroph with a competitive advantage over the 

other PFTs allowing for enhanced N2 fixation, whereas when all PFTs have a reduced 

kDOP the diazotroph gains no competitive advantage leading to reduced rates (Figure 

3.9A and 3.10A). 
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Figure 3.7. Spatial comparison of depth integrated N2 fixation between A) the reference and 

the sensitivity experiments. Anomalies of the sensitivity tests compared to the reference. Fe 

cost experiments: C) No Fe cost, D) Low Fe cost and E) High Fe cost. kDOP diazotroph 

experiments: F) No diazotroph DOP uptake, G) Low diazotroph kDOP and H) high diazotroph 

kDOP. kDOP all PFTs experiments: I) No DOP uptake, J) low kDOP for all PFTs and K) 

high kDOP for all PFTs. Also shown is the spatial pattern of diazotroph nutrient limitation 

for the reference simulation B) with regions of N/P limitation shown in blue and Fe limitation 

shown in red. 
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Figure 3.8. Fe cost experiment output along the Atlantic Meridional transect (24oW, 40oS to 

40oN) showing: A) depth integrated nitrogen fixation for the reference and Quota scaled 

simulations, B) anomaly of depth integrated nitrogen fixation, C) anomaly of diazotroph Fe 

quota, D) anomaly of diazotroph Fe limitation positive values indicate less limitation and 

negative implies enhance limitation and E) anomaly in the upper 100m dissolved Fe inventory. 

All anomalies are compared to the reference simulation. Output for the respective runs: 

reference (black), Quota scaled model (grey), no Fe cost (yellow), low Fe cost (orange) and 

high Fe cost (red). 
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Figure 3.9. kDOP diazo experiment output along the Atlantic Meridional transect (24oW, 40oS 

to 40oN) showing: A) anomaly of depth integrated nitrogen fixation, B) anomaly of diazotroph 

P quota, C) anomaly of diazotroph P limitation positive values indicate less limitation and 

negative implies enhance limitation and D) anomaly in the upper 100m total P inventory 

(PO4+DOP). All anomalies are compared to the reference simulation. Output for the 

respective runs: reference (black), Quota scaled model (grey), no DOP uptake by diazotrophs 

(light green), low kDOPdz (dark green) and high kDOPdz (brown). 
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Figure 3.10. kDOP all PFTs experiment output along the Atlantic Meridional transect (24oW, 

40oS to 40oN) showing: A) anomaly of depth integrated nitrogen fixation, B) anomaly of 

diazotroph P quota, C) anomaly of diazotroph P limitation positive values indicate less 

limitation and negative implies enhance limitation and D) anomaly in the upper 100m total P 

inventory (PO4+DOP). All anomalies are compared to the reference simulation. Output for 

the respective runs: reference (black), Quota scaled model (grey), no DOP uptake all PFTs 

(cyan), low kDOP (blue) and high kDOP (purple). 
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3.5. Future change in marine diazotrophy: Implicit vs Explicit 
 

Warming in the future will have an impact on marine diazotrophy by altering the 

ecological niche of diazotrophs through increased fitness at high latitudes due to 

enhanced warming and through changes to nutrient supply via stratification. Changes 

to nutrient supply could either hamper diazotrophs or provide them with a competitive 

advantage over non-diazotroph phytoplankton, both of which will have knock on 

effects on the later emerging trends in net primary productivity (Wrightson and 

Tagliabue, 2020). To investigate how diazotrophy in both the implicit and explicit 

model will respond to climate change, both models were forced by the RCP8.5 climate 

forcing scenario. Following the experiments, 10-year averages were calculated at the 

end of the historical period (1996 – 2005) and at the end of the RCP8.5 period (2091 

– 2100). 

 

3.5.1. Global and Regional Comparison 
 

3.5.1.1. Global and Regional Comparison: Integrated rates 
 

Overall global nitrogen fixation rates were greater for the implicit model (QUOTA 

scaled) than for the new explicit diazotroph (DIAZO) both at the beginning and end of 

century by 9.5 Tg N yr-1 and 7.2 Tg N yr-1 respectively (Table 3.7). Compared to 9 

other Earth System Models which have been used for climate change projections the 

QUOTA scaled and DIAZO models project the lowest magnitudes of global nitrogen 

fixation (Figure 3.11A). Both the QUOTA scale model and the DIAZO model 

predicted that nitrogen fixation will decrease globally by ~18% by the end of the 

century agreeing with the global trends predicted by the majority of the other Earth 

System Models, with the percentage anomalies falling within the range of estimates 

(Figure 3.11B and Table 3.6). For NPP, both models predict similar rates which 

decrease over the coming century by a similar magnitude (~10%). Examining 

differences in the regional response of nitrogen fixation between the QUOTA scaled 

and DIAZO models revealed that although both predicted similar trends globally, 

regionally the Atlantic and Indian basins revealed large differences with DIAZO 

projecting stronger declines in the Atlantic and QUOTA scaled predicting stronger 

declines in the Indian (Figure 3.11C and E). The Pacific Ocean trend in nitrogen 

fixation was similar for both models (Figure 3.11D). These regional discrepancies 
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highlight that the implicit QUOTA scaled model is more sensitive to changes in the 

Indian Ocean whilst the new explicit DIAZO model is more sensitive to changes 

occurring in the Atlantic. In Chapter 4, a more complete discussion on the regional 

response of nitrogen fixation and the climate drivers is provided. 

 

3.5.1.2. Global Comparison: Time of Emergence 
 

To investigate when the climate change signal of both nitrogen fixation and NPP 

emerges from the background variability within the model, time of emergence (ToE) 

analysis was performed. In order to do this a 300-year preindustrial control simulation 

was also run for both models. The signal for each model was deemed to have emerged 

when it was greater or less than the mean ± 1 standard deviation of the control 

simulation and had emerged for at least 4 years consecutively in the direction of the 

trend in NPP and nitrogen fixation over the coming century. It was identified from 

ToE analysis that the global nitrogen fixation signal for the QUOTA scaled model 

emerged by 2038 which was earlier than the DIAZO model which had emerged by 

2042 (Table 3.7). The same was true for the NPP signal which had emerged by 2043 

and 2046 for the QUOTA scaled and DIAZO models respectively. Consistently 

between the two models the nitrogen fixation climate driven signal emerged earlier 

than the climate driven trend in NPP indicating that future changes in nitrogen fixation 

may drive the changes in NPP. Allowing for greater variability (2 standard deviations 

of the control) delayed the nitrogen fixation signal by ~15 years and the NPP signal 

by 27 years (Table 3.7). 

 
Table 3.7. 10 year averaged globally integrated nitrogen fixation and net primary productivity 

for the DIAZO and QUOTA scaled models for the end of the historical period (1996-2005) 

and the end of the RCP8.5 period (2091-2100). Time of emergence show when the climate 

driven trend in nitrogen fixation and net primary productivity emerges from the natural 

variability within the model. Natural variability set to 1 standard deviation (𝜎) and 2 standard 

deviations (2𝜎). 

Hist RCP8.5 Hist RCP8.5
1996 - 2005 2091 - 2100 Anomaly ! 2! 1996 - 2005 2091 - 2100 Anomaly ! 2!

DIAZO 55.7 46.5 -9.2 2042 2057 67.2 61.2 -6.0 2046 2073
QUOTA scaled 65.2 53.7 -11.5 2038 2055 67.9 61.3 -6.6 2043 2070

Time of Emergence Time of Emergence
Nitrogen Fixation (Tg N yr⁻¹) Net Primary Productivity (Pg C yr⁻¹) 
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3.6. Summary 
 

Here, we presented a new explicit facultative diazotroph PFT which has been added 

to the PISCES-QUOTA global biogeochemical model, calculating diazotroph C, N, P, 

Chl and Fe biomass and have compared its performance to the original PISCES-

QUOTA model with a scaling to account for differences in global N2 fixation rates. 

 
3.6.1. DIAZO vs QUOTA scaled 
 

The comparison of the implicit (QUOTA scaled) and explicit (DIAZO) diazotroph 

models revealed similar global values of nitrogen fixation, NPP and C export for both 

models with nitrogen fixation decreasing by 3.1 Tg N yr-1 whilst NPP and C export 

increased by 0.4 and 0.05 Pg C yr-1 respectively for the DIAZO model compared to 

the QUOTA scaled model (Table 3.2). Spatially the models revealed more drastic 

differences with the explicit DIAZO model producing more localised patterns of 

increased nitrogen fixation, NPP and C export in the Western Pacific, Northern Indian 

and in the Northern and Western Atlantic, with general decreases throughout the gyres 

(Figure 3.1C, 3.2C and 3.3C). Total chlorophyll increased globally in the DIAZO 

model due to the extra PFT, the largest increases in total chlorophyll occurred in 

regions of strongest increase in NPP which was to be expected (Figure 3.2C and 3.4C). 

Nutrient concentrations differed spatially between the 2 models with PO4 and NO3 

varying by ~1% and up to 10% respectively (Figure 3.5C, F). Comparing both model 

nutrient fields to observations revealed that both models perform well when correlated 

with WOA PO4 and NO3 but perform less successfully when correlated with the low 

inorganic phosphate data from Martiny et al. (2019). 

 

3.6.2. Sensitivity Experiments 
 

Sensitivity experiments were performed to assess the impact of P and Fe availability 

on the new explicit diazotroph PFT. 
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3.6.2.1. Iron Cost Experiments 
 

Altering the Fe cost revealed that globally nitrogen fixation, NPP and C export all had 

a negative relationship with increasing Fe cost, with overall decreases in nitrogen 

fixation by 10% and 1-2% for NPP and C export when the Fe cost was increased, with 

similar increases for all 3 processes when the Fe cost was decreased. Changes in 

nitrogen fixation arose due to the alleviation or enhancement of diazotroph Fe 

limitation in response to changing Fe costs. Total NPP and C export respond to 

changes in diazotroph NPP, which directly impact both processes and/or act to 

alleviate N limitation of other PFTs through the extra N supply via nitrogen fixation 

that occurs when Fe limitation of diazotrophy is reduced. The spatial patterns of 

nitrogen fixation revealed altering the Fe cost of nitrogen fixation resulted in a basin 

wide response in the Pacific and regional redistribution in the Atlantic and Indian 

basins which may be driven by the patterns of nutrient limitation the diazotroph was 

exposed to. Exploring a transect of the Atlantic identified that several peaks in nitrogen 

fixation occurred with the peak in the North being more stable and less sensitive to 

changes in Fe cost compared to the 2 in the South Atlantic. The peaks occurred in 

regions where the diazotroph was not Fe limited suggesting that changes to the Fe cost 

may not have been substantial enough to invoke any advantage or disadvantage in 

these regions but may result in upstream effects. 

 

3.6.2.2. kDOP Diazotroph Experiments 
 

Increasing the diazotroph kDOP or removing their access to DOP altogether resulted 

in decreased nitrogen fixation, NPP and C export globally, whilst decreasing the kDOP 

promoted all three processes. Restricting access to DOP or decreasing the diazotrophs 

competitiveness for DOP (higher kDOP) compared to the other PFTs resulted in 

enhanced P limitation of diazotrophy which subsequently caused the decrease in 

nitrogen fixation, NPP and C export. Enhancing the diazotrophs competitive ability to 

access DOP compared to the other PFTs allowed enhanced nitrogen fixation and 

therefore NPP and C export. Spatial comparison revealed that altering the diazotrophs' 

access to DOP resulted in a basin wide response in nitrogen fixation in both the 

Atlantic and Indian oceans and a regional redistribution in the Pacific, the opposite of 

the patterns observed for the Fe cost experiments. Once again, the patterns of nitrogen 
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fixation were likely a result of the alleviation or enhancement of the diazotrophs P 

limitation due to the diazotroph being more or less competitive for DOP access. Along 

the AMT transect depth integrated nitrogen fixation further highlighted the basin wide 

response to changing DOP access, with general increases across the basin when the 

kDOP was decreased and overall decreases in nitrogen fixation when DOP access was 

reduced or switched off completely.  

 

3.6.2.3. kDOP All PFTs Experiments 
 

Altering the ability of all PFTs to access DOP compared to the reference experiment 

resulted in a decrease in nitrogen fixation, NPP and C export. The largest decreases 

occurred when no PFT could access DOP which in turn enhanced PO4 drawdown and 

P limitation of all PFTs causing global nitrogen fixation, NPP and C export to decrease 

by 35%, <1% and <1% respectively. The spatial pattern of nitrogen fixation revealed 

complex regional redistributions occurred in all basins as a result of altering the DOP 

access of all PFTs. Increasing the kDOP resulted in enhanced nitrogen fixation 

throughout the gyres of the Atlantic Ocean and in the Southern Indian Ocean, whilst 

decreasing in the margins and in the North-Western Pacific. Lowering the kDOP 

resulted in the mirror response to the high kDOP experiment in the Atlantic and 

Pacific, a general decrease in nitrogen fixation occurred in the Indian ocean. Switching 

off access to DOP resulted in a similar spatial pattern to the high kDOP experiments 

in the Pacific but decreases in nitrogen fixation in the Atlantic and Indian oceans were 

more expansive. The AMT transect reflected the complex spatial pattern in nitrogen 

fixation that occurred between the experiments with the high kDOP experiment 

producing increased nitrogen fixation throughout much of the transect, and the low 

kDOP and no DOP runs producing large decreases in nitrogen fixation. Comparing the 

experiments that altered only the diazotroph kDOP and the experiments where the 

kDOP of all PFTs was changed highlighted the role of the remineralisation of 

nutrients. When no PFT could access DOP nitrogen fixation decreased but when only 

diazotroph DOP uptake was switched off nitrogen fixation decreased less. This was a 

result of the remineralisation of the other PFT biomass who could still access DOP 

which in turn resupplied some PO4 to the system alleviating diazotroph P limitation. 
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3.6.3. Climate Change Experiments 
 

Climate change experiments were performed for the RCP8.5 climate forcing scenario 

to investigate the impact of climate change on both the implicit and explicit nitrogen 

fixation models. It was identified that global nitrogen fixation was greater for the 

QUOTA scaled model than the DIAZO model both at the start and end of the century. 

Both models however, predicted that globally rates of nitrogen fixation decrease in the 

future by 9-11 Tg N yr-1. This is within the range of estimates from the CMIP5 models 

which predicted a change in nitrogen fixation of between -50.1 to +58.0 Tg N yr-1 

(Wrightson and Tagliabue, 2020). Globally both models had similar magnitudes for 

rates of NPP and both predicted a decrease in NPP of ~10% by the end of the century 

which agreed with other Earth System Model projections. Regionally a similar 

response was observed for both models in the Pacific Ocean with nitrogen fixation 

decreasing by a similar magnitude. The Atlantic and Indian Oceans however 

responded differently; nitrogen fixation decreased in both basins for each model, but 

stronger decreases were observed in the Atlantic Ocean for the DIAZO model and 

stronger decreases occurred in the Indian Ocean for QUOTA scaled. This result 

indicates that the implicit vs explicit parameterisation of nitrogen fixation leads to 

different regional model sensitivity although the global response is similar for both 

models. The ToE analysis revealed that globally the trend in nitrogen fixation emerged 

by 2038 - 2057 which was similar for both models and agrees with the estimate of 

2018 - 2054 predicted by the CMIP5 models (Wrightson and Tagliabue, 2020). For 

the ToE of NPP both models emerged later than nitrogen fixation by ~5-15 years with 

the signal in NPP emerging by 2043 - 2073, but throughout much of the ocean the ToE 

of NPP in the DIAZO model emerged 1-5 years later than the QUOTA scaled model 

which may be due to competition between the explicit diazotroph and other PFTs that 

reduced the contribution of non-diazotroph PFTs to global NPP. 

 

3.7. Conclusions 
 

Overall, this study has demonstrated the successful addition of a new explicit 

diazotroph scheme to PISCES QUOTA which has produced sensible output that is 

comparable to the implicit scheme and other Earth System Models. Although there are 

small differences between the implicit and explicit model on a global scale, large 
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regional differences occur between the two models which can be directly impacted by 

the diazotrophs sensitivity to Fe and P availability. Our results highlight in particular 

the acknowledged role of the Fe costs of diazotrophy in driving global and regional 

rates, but also the importance of DOP. DOP was important both as a direct P supply 

to diazotrophs but also as an indirect P source via the cycling of DOP by non-

diazotrophs. Over the coming century both the implicit and explicit model predict 

decreases in global nitrogen fixation and NPP, but once again regional differences 

occur between the two models. The climate driven trend of nitrogen fixation emerges 

earlier than that of NPP suggesting that changes to the patterns of nitrogen fixation 

will drive changes in NPP in the future. This model is well placed to serve as a tool to 

explore how the mechanistic changes in diazotroph physiology shape climate driven 

trends in N2 fixation rates.  
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Chapter 4 
 

Both the Direct and Indirect Impacts of 

Warming Regulate the Response of Marine 

Diazotrophy to Climate Change 
 
 
 
 
 

Motivation 
 

Warming will impact marine nitrogen fixation and the physical supply of nutrients 

which will interact to shape the response of ocean primary production to climate 

change in the nitrogen limited tropical ocean. Rising temperatures will effect multiple 

aspects of marine diazotrophy but previous work has focused on the direct impact of 

temperature on physical nutrient supply (Sohm et al., 2011, Luo et al., 2014, Weber 

and Deutsch, 2014) and how changing temperatures will affect the thermal niche of 

diazotrophs (Fu et al., 2014, Jiang et al., 2018, Yang et al., 2021).  The indirect impact 

of temperature on diazotroph physiology has so far been overlooked in Earth System 

Models. In this chapter, we update our new explicit diazotroph model to include two 

prevalent marine diazotrophs, Trichodesmium and Crocosphaera, based on observed 

thermal performance curves of growth and elemental use efficiencies (EUE). We 

compare how each diazotroph responds to climate change and highlight the drivers of 

the nitrogen fixation climate signal. 
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Key Findings 
 

• Diazotroph-specific thermal performance curves and elemental use 

efficiencies both impact the response of nitrogen fixation to climate change, 

particularly in the Pacific Ocean which shapes the global trend. 

• The spatial patterns of nitrogen fixation were similar for both diazotrophs with 

increased nitrogen fixation rates at the high latitudes driven by thermal 

expansion and decreased nitrogen fixation rates throughout the low latitudes 

due to thermal exclusion. 

• The direct and indirect impacts of temperature explain 95-97% of the nitrogen 

fixation climate signal, decreases were associated with a reduction in the niche 

of diazotrophy, whilst increases were due to a combination of expanding niche 

and changing diazotroph physiology. 

• Direct and indirect effects of warming on marine diazotrophy interact to shape 

the response of nitrogen fixation to climate change, which will have important 

implications for ocean productivity. 
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4.1. Abstract 
 
Marine nitrogen fixation is a major source of new nitrogen to the ocean and supports 

productivity in the nitrogen-limited tropical ocean. In these regions, the response of 

nitrogen fixation by diazotrophy to climate change interacts with changes to physical 

nitrogen supply to regulate the response of ocean primary production. In particular, 

although warming and changes in nutrient supply may alter the biogeography of the 

ecological niche of diazotrophs, indirect impacts of warming on diazotroph physiology 

may also be important. Experimental evidence has shown that in two prevalent marine 

diazotrophs, Crocosphaera and Trichodesmium, warming increases the nitrogen 

fixation-specific element use efficiency, reducing nutrient requirements in a warmer 

ocean. Here, we coupled a new diazotroph model based upon observed diazotroph 

energetics of growth and resource limitation to a state-of-the-art global model of 

phytoplankton physiology and ocean biogeochemistry. Our new model is able to 

address the direct and indirect response of nitrogen fixation by Trichodesmium and 

Crocosphaera to warming under the high emissions RCP8.5 scenario for the first time. 

Our results show that diazotroph-specific thermal performance curves and resource 

use efficiencies both modulate the response of nitrogen fixation to climate change, 

particularly in the Pacific Ocean. The spatial pattern of the response of nitrogen 

fixation to climate are similar for both diazotrophs, with expansion towards higher 

latitudes and decreased rates of nitrogen fixation in the low latitudes. Through a simple 

environmental grouping approach, we highlight the drivers of the nitrogen fixation 

climate signal showing that decreases are associated with a reduced niche, whereas 

increases are a combination of both expanding niche and temperature driven changes 

to elemental use efficiencies. Therefore, both direct and indirect effects of warming on 

marine diazotrophy interact to shape patterns of nitrogen fixation in the future ocean, 

with important feedbacks on biogeochemical cycling and productivity. 
 

4.2. Introduction  
 

Marine nitrogen fixation is a key additional source of nitrogen (N) to the global ocean 

supplying between 68 – 164 Tg N yr-1 (Gruber and Sarmiento, 1997, Luo et al., 2014, 

Jickells et al., 2017, Tang et al., 2019, Wang et al., 2019), fuelling primary production 

in N limited regions of the ocean. Earth system models (ESM) project that nitrogen 
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fixation will decline over the coming century and as the climate driven signal in marine 

nitrogen fixation emerges earlier than the trends in primary productivity, marine 

nitrogen fixation may shape the response of primary producers to climate change 

(Wrightson and Tagliabue, 2020). An increase in ocean temperature is projected in the 

future which will impact multiple aspects of diazotrophy, but emphasis to date has 

been on the impact of warming on stratification and nutrient supply (Sohm et al., 2011, 

Luo et al., 2014, Weber and Deutsch, 2014), with some work on how changing 

temperature will impact the thermal niche of diazotrophs (Fu et al., 2014, Jiang et al., 

2018, Yang et al., 2021). Increasing sea surface temperature (SST) plays a primary 

role in controlling the thermal niche of diazotrophs. In the low latitudes, warming may 

surpass their thermal maximum leading to exclusion, whilst increasing temperatures 

below their thermal maximum allows poleward expansion (Breibarth et al., 2007, Fu 

et al., 2014, Boatman et al., 2020). Changing nutrient supply due to stratification can 

either open a competitive niche for diazotrophy if the supply of N declines such that it 

limits non-diazotrophs (Weber and Deutsch, 2010) or it can restrict rates of nitrogen 

fixation if the supply of phosphorus (P) or iron (Fe) declines.  

 

Temperature can also indirectly impact diazotroph growth by influencing enzyme 

efficiency and altering diazotroph physiology. Recent studies have used the concept 

of elemental use efficiencies (EUE) to account for the impact of temperature on 

enzyme efficiency and resource requirements of diazotrophy in an integrated manner 

( Raven, 1988, Kustka et al., 2003, Berman-Frank et al., 2007, Jiang et al., 2018, Yang 

et al., 2021). The nitrogen fixation specific EUEs are calculated from how the rate of 

nitrogen fixation and the cellular element quotas of the diazotroph (e.g. using the Fe 

quota gives the iron use efficiency) are changing over the diazotroph’s thermal 

window. An increase in the EUE means that the diazotroph is performing more 

nitrogen fixation per unit element considered, leading to a reduction in the nutrient 

demand of the diazotroph. Thermal performance curves and nitrogen fixation specific 

EUEs for P and Fe have been measured for two marine diazotrophs, Trichodesmium 

and Crocosphaera. Crocosphaera has a narrower thermal window for growth than 

Trichodesmium, as it grows between 20 – 35oC compared to 17 – 35oC for 

Trichodesmium (Boyd et al., 2013) with the thermal optimum for growth occurring at 

28.7oC and 27.9oC for Trichodesmium and Crocosphaera, respectively (Figure 4.1A, 

Jiang et al., 2018, Yang et al., 2021). The nitrogen fixation EUEs also respond 
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differently to temperature depending on the element and the diazotroph in question. 

The thermal optimum for Trichodesmium iron use efficiency (IUE) and phosphorus 

use efficiency (PUE) occur at 31.8oC and 30.5oC respectively, whilst for 

Crocosphaera IUE and PUE the thermal optimums occur at 27.5oC and 31.8oC 

respectively (Figure 4.1B and C, Jiang et al., 2018, Yang et al., 2021). The different 

responses of both diazotrophs to temperature, regarding both their growth, iron and 

phosphorus use efficiencies, highlights the need for more information on how the 

thermal fitness shapes the response of diazotrophy to ocean warming in the future.  

 

 
 
Figure 4.1. Thermal performance curves of growth (A), iron use efficiency (B) and phosphorus 

use efficiency (C) for Trichodesmium (blue) and Crocosphaera (red). Figures have been 

adapted using data from Jiang et al. (2018) for Trichodesmium and from Yang et al. (2021) 

for Crocosphaera shown by crosses (x). 

Earth system models (ESM) are the main tool to investigate how the future ocean will 

respond to climate change and their results underpin important assessments by the 

IPCC (Eyring et al., 2016, van den Hurk et al., 2018). However, current ESMs are 

lacking in their representation of nitrogen fixation, focusing only upon the direct 

impacts of temperature on marine diazotrophs (Wrightson and Tagliabue, 2020). As 

temperature has the potential to affect not only the extent of the thermal niche of 

diazotrophy but also their physiology in regard to resource use efficiency, dynamic 

diazotroph thermal fitness needs to be incorporated into ESMs to assess their climate 

change response (Jiang et al., 2018, Boatman et al., 2020, Yang et al., 2021). Such 

models should account for both the direct temperature impacts on growth and the 

indirect temperature effects on EUEs. In this study, we define the direct impact of 

temperature on growth as the maximum extent of the thermal niche facilitated by 

temperature. Indirect temperature effects are defined as those which indirectly impact 

the growth rate through the modulation of the EUEs and diazotroph thermal fitness in 
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terms of altered resource availability. Alongside these, changes in the physical 

environment (driven by warming, but also changes in winds and freshwater) will also 

alter the availability of nutrients. Due to differences in the way growth rates and EUEs 

respond to temperature between diazotrophs, there is also a need to assess whether the 

parameterizations based on Trichodesmium or Crocosphaera affect the responses to 

changes in climate. To date, the effect of temperature on growth and IUE for 

Crocosphaera and Trichodesmium has been assessed using an additive Michaelis-

Menten based approach in response to annual average Fe concentration and sea surface 

temperature from the NCAR CMIP5 model under the high emission RCP8.5 scenario. 

Model results suggest that nitrogen fixation rates will increase globally by 22% and 

91% for Trichodesmium and Crocosphaera respectively (between two time slices at 

2010 and 2100) due to increased IUEs and expansion of the diazotroph niche (Jiang et 

al., 2018, Yang et al., 2021). These diagnostic models focused on temperature and Fe 

limitation and did not consider the role of other bottom-up and top-down drivers such 

as P limitation, light limitation, grazing and competition with other phytoplankton in 

a fully prognostic sense.  Diazotrophs respond not only to temperature but to a suite 

of drivers such as grazing, light limitation and fixed nitrogen which can impact growth 

rates and alter the niche of diazotrophy. In order to assess the impact of climate change 

on marine diazotrophy, a holistic consideration of how temperature can affect 

diazotroph thermal fitness and nitrogen fixation rates in the future is required.  

 

The aim of this study was to investigate how diazotroph thermal fitness, both in terms 

of a changing thermal niche, but also their element use efficiency, responds to climate 

change under the high emissions RCP8.5 scenario. To do this we developed a new 

state of the art diazotroph compartment for the PISCES QUOTA model based upon 

observed diazotroph thermal performance curves of growth and EUEs to account for 

the thermal fitness of two interchangeable diazotrophs, Trichodesmium and 

Crocosphaera. Here, we describe the new model and experiments focused on 

investigating how the response of nitrogen fixation to climate change differs between 

Trichodesmium and Crocosphaera, both by direct and indirect temperature effects at 

regional scales. 
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4.3. Model Description 
 

The new diazotroph model was developed for the PISCES QUOTA Earth System 

Model which allows for complete variable phytoplankton stoichiometry and applies 

optimal allocation of resources (Kwiatkowski et al., 2018). This new model builds 

upon the model outlined in chapter 3. In the model, diazotroph growth and nitrogen 

fixation is limited by temperature, light and nutrient availability (P and Fe). Nitrogen 

fixation is facultative allowing the diazotroph to use other forms of fixed N (nitrate 

and ammonium) and so the presence of fixed N can restrict nitrogen fixation whilst 

allowing diazotroph growth to continue. Diazotroph nutrient requirements are set by 

the minimum quotas which restrict growth when nutrient concentrations are below the 

minimum quota. For N and P the minimum quota is fixed. For Fe however, the 

minimum quota (𝑄1u,C:D"# ) is variable and is calculated as the sum of Fe costs for 

photosynthesis, respiration, nitrate reductase and nitrogen fixation (Equation 4.1).  
 

 

𝑸𝑭𝒆,𝒎𝒊𝒏𝒅𝒛 =
0.00167
55.85 𝑸𝑪𝒉𝒍

𝒅𝒛,𝑪 +
1.21𝐸,- × 14
55.85	 × 7.625 × 1.5 +	

1.15𝐸,- × 14
55.85	 × 7.625𝒙𝑵𝑶𝟑

𝒅𝒛 + 13𝐸,1 × 𝑭𝒂𝒄𝒖𝒍 

 (Equation 4.1) 

𝝃𝑸𝑪𝒉𝒍
𝒅𝒛,𝑪 = fraction of protoplasmic N required for pigment synthesis (unitless) 

 
 

𝑭𝒂𝒄𝒖𝒍 = 1 − ,𝑥)*+,- + 𝑥)./,- /   Facultative term (how much N2 fixation)  (Equation 4.2) 
 
𝒙𝑵𝑶𝟑𝒅𝒛  = proportion of uptake of NO3 
 
𝒙𝑵𝑯𝟒𝒅𝒛  = proportion of uptake of NH4 
 
The Fe cost of nitrogen fixation is based upon the work of Kustka et al. (2003) which 

suggested that the additional Fe requirements for growth on N2 is ~30-50x10-6 mol Fe 

mol-1 C, of which nitrogenase, the enzyme required for nitrogen fixation, accounts for 

~25%. This implies that the cost of nitrogenase is ~10x10-6 mol Fe mol-1 C. 

Diazotrophs also rely on the Mehler reaction which produce free oxygen radicals. In 

order to consume these free oxygen radicals diazotrophs employ superoxide dismutase 

which has an Fe cost of ~3x10-6 mol Fe mol-1 C. The combined Fe cost for nitrogen 

fixation is therefore 13x10-6 mol Fe mol-1 C.  

 

Photosynthesis Respiration Nitrate reductase Nitrogen Fixation 
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For this new version of the diazotroph model the diazotroph phytoplankton functional 

type (PFT) can switch between a Trichodesmium and Crocosphaera parameterisation 

which then alters the thermal performance curves of growth and EUEs appropriately 

(Figure 4.1). The growth curves used in the model (Equation 4.3 and 4.4) were 

obtained by fitting a curve to observations of Trichodesmium (Jiang et al., 2018) and 

Crocosphaera (Yang et al., 2021) growth rates over a range of temperatures. 

Observations of EUEs were also obtained and curves were fitted to produce the 

thermal performance curves for both Fe and P EUEs (Figure 4.1). As the EUEs 

increase, the nutrient demand should decrease. Therefore, the iron use efficiency (IUE) 

curve was then used as a simple scalar for the Fe cost of nitrogen fixation (Box 1). 

Similarly, the phosphorus use efficiency (PUE) curve was used as a scalar for the 

minimum P quota of the diazotroph (Box 2). In this way, when the EUEs increased, 

the cellular Fe or P requirements decreased and when the EUEs decreased, the cellular 

Fe and P requirements increased. The EUEs used in this study were derived from 

experiments conducted under replete nutrient conditions (Jiang et al., 2018, Yang et 

al., 2020) to better isolate the direct and indirect drivers. EUEs were also measured for 

nutrient limited conditions but they were not used in this study. Under replete 

conditions the growth of the diazotroph was not nutrient limited and therefore the 

impact of the EUEs on the thermal response curve for growth was minimised. We used 

the observed thermal response curves for growth are used to set the maximum growth 

rate of each diazotroph which is then controlled by temperature, light and nutrient 

availability (with either a fixed or temperature sensitive EUE). As our model only 

represents a single diazotroph for each experiment, it cannot account for any direct 

competition between both diazotrophs at this time. However, our model is able to 

highlight how different diazotroph assumptions influence the model responses to 

spatial and temporal variability. Equations for diazotroph growth are as follows: 

 

𝜇56789:;<= = −3.99 × 10>/	𝑇+ + 2.685 × 10>?	𝑇? − 0.555	𝑇 + 3.633  (Equation 4.3) 
 

𝜇567;9=;= = −9.097 × 10>@	𝑇+ + 1.34 × 10>+	𝑇? + 0.1377	𝑇 − 2.561  (Equation 4.4) 

 

𝜇567,-  = maximum diazotroph growth rate (d-1) 

 

𝑇 = Temperature (oC) 
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The temperature range for Trichodesmium growth was set from 17-35oC, whilst 

Crocosphaera has a narrower thermal window with growth permitted between 20-

35oC. To incorporate the thermal performance curves of the EUEs into the model we 

fitted a curve to the observations from Jiang et al. (2018) and Yang et al. (2021) (Figure 

4.1B and C) and converted them into a scaling term where the scaling was set to 1 

when the diazotroph growth rate was 0.1 d-1, which was the reference growth rate for 

the calculation of the Fe cost of nitrogen fixation (Kustka et al., 2003). At a growth 

rate of 0.1 d-1 the Fe cost of nitrogen fixation is 13x10-6 mol Fe mol-1 C and since the 

EUE modulates the nutrient demand, the IUE scaling relationship was then used to 

scale the Fe cost of nitrogen fixation (Box 1) and the PUE scaling relationship was 

used to scale the minimum P quota (Box 2). 

 

To investigate how climate change affects the different diazotrophs, several climate 

change simulations were performed. The simulations included runs for both 

Trichodesmium and Crocosphaera using their respective growth curves with EUEs 

switched off (direct temperature effects only) and EUEs switched on (reference 

simulations, direct and indirect temperature effects, Table 4.1). Simulations were also 

run for both diazotrophs where only one EUE was active, alternating PUE and IUE 

but these will not be discussed here. For each simulation the model was run from 1801-

2100 under the preindustrial forcing, with a simulation branched from 1852-2100 

using the RCP 8.5 forcing scenario. Reference time periods for the analysis were 1996-

2005 for the contemporary state and 2091-2100 for the end of century. Before 

discussing the results, it is important to highlight that within the model, strong 

underlying nutrient limitation regimes are experienced by the diazotrophs between 

different ocean basins. In the Atlantic and Indian oceans, the diazotrophs are mainly P 

limited with patches of Fe limitation to the South. However, in the Pacific Ocean the 

dominant limiting nutrient is Fe with P limitation in the North-West (Figure 4.2). 

These nutrient limitation regimes present within the model agree with observations 

and previous modelling approaches of diazotroph nutrient limitation (Sohm et al., 

2011, Dutkiewicz et al., 2012, Dutkiewicz et al., 2014, Zehr and Capone, 2020). In the 

Atlantic Ocean, Fe input controls patterns of nitrogen fixation with increased Fe 

concentrations driving diazotrophs towards P limitation in the North, whilst reduced 

Fe supply and excess P drive diazotrophs towards Fe limitation in the South (Moore 

et al., 2009). However, a recent proteomics study on Trichodesmium revealed that 
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throughout the North Atlantic Fe and P co limitation may be more prevalent opposed 

to single nutrient limitation (Held et al., 2020). In the Pacific Ocean, molecular 

evidence suggests that low Fe concentrations result in widespread Fe limitation 

throughout the basin (Chappell et al., 2012). which has also been suggested by 

observations in the North Pacific (Sohm et al., 2008). The nutrient limitation regimes 

within the model broadly agree with the observations indicating that the model suitably 

represents overall patterns of diazotroph nutrient limitation.  

 
Box 1. Calculation of the nitrogen fixation IUE for both diazotrophs. 
A curve was fitted to observations of IUEs for Trichodesmium and Crocosphaera to 

produce thermal performance curves of the IUEs for each diazotroph (Equation 4.5 and 

4.6). Units of IUE are mol N hr-1 mol-1 Fe. 

 

𝐼𝑈𝐸234567 = −1.392 × 10,8	𝑇- + 0.1559	𝑇9 − 6.7685	𝑇8 + 141.81𝑇: − 1421.1𝑇 + 5388.1	

 (Equation 4.5) 

 	
𝐼𝑈𝐸53757 = 2.092 × 10,:	𝑇9 − 2.302	𝑇8 + 92.08𝑇: − 1582𝑇 + 9881	 (Equation 4.6) 

 

Within the model the minimum Fe quota of the diazotroph is set by the sum of several Fe 

costs (Equation 4.1), To incorporate the IUEs of nitrogen fixation into the model a scaling 

approach was used. Following Kustka et al. (2003), the Fe cost of nitrogen fixation is 

13x10-6 mol Fe mol-1 C for a 0.1 d-1 growth rate, so the scaling needs to be set to 1 where 

growth is equal to 0.1 d-1. The IUE curve was divided by the IUE of the diazotroph when 

growth was 0.1 d-1 (Equation 4.7). When the IUE increases the Fe cost of nitrogen fixation 

would decrease so the reciprocal of the IUE scaling was required (Equation 4.8). The Fe 

cost scaling was then used to modulate the Fe cost of nitrogen fixation depending on 

temperature (Equation 4.9). 

 

𝐼𝑈𝐸	𝑠𝑐𝑎𝑙𝑖𝑛𝑔;< = =>?&'

=>?().*&' 		 (Equation 4.7) 

 

𝐹𝑒	𝑐𝑜𝑠𝑡	𝑠𝑐𝑎𝑙𝑖𝑛𝑔;< = @
=>?	B5CD4EF&'

	 (Equation 4.8) 

	

𝐹𝑒	𝑐𝑜𝑠𝑡	𝑜𝑓	𝑁:	𝑓𝑖𝑥𝑎𝑡𝑖𝑜𝑛;< = 	13𝐸,1 × 𝐹𝑎𝑐𝑢𝑙	 ×	𝐹𝑒	𝑐𝑜𝑠𝑡	𝑠𝑐𝑎𝑙𝑖𝑛𝑔;<	 (Equation 4.9) 

	

𝐼𝑈𝐸GH.@;< 	=	IUE	at	0.1	d-1	growth	rate		

(Trichodesmium = 33.49 mol N hr-1 mol-1 Fe, Crocosphaera = 20.64 mol N hr-1 mol-1 Fe) 



 114 

Box 2. Calculation of the nitrogen fixation PUE for both diazotrophs.  

A curve was fitted to observations of PUEs for Trichodesmium and Crocosphaera to 

produce thermal performance curves of the IUEs for each diazotroph (Equation 4.10 and 

4.11). Units of PUE are mol N hr-1 mol-1 P. 

 

𝑃𝑈𝐸234567 = −1.33 × 10,9	𝑇9 + 1.2452	 × 10,:𝑇8 − 0.4294𝑇: + 6.538𝑇 + 37.11 

 (Equation 4.10) 

 
𝑃𝑈𝐸53757 = −4.429 × 10,9	𝑇9 + 4.684	 × 10,:𝑇8 − 1.83905𝑇: + 31.829𝑇 − 204.815 

 (Equation 4.11) 

 
Following the approach used for the IUEs (Box 1) the PUE scaling was also set to 1 at 

growth rates of 0.1 d-1. This was done by dividing the PUE curve by the PUE at 0.1 d-1 

growth rate for each diazotroph (Equation 4.12). Again, an increase in the PUE would result 

in a decrease in the P demand of the diazotroph so the reciprocal was required (Equation 

4.13). To account for the change in the P demand of the diazotroph the scaling was used to 

modulate the minimum P quota of the diazotroph (Equation 4.14). 

 

𝑃𝑈𝐸	𝑠𝑐𝑎𝑙𝑖𝑛𝑔;< = J>?&'

J>?().*&'  (Equation 4.12) 

 

𝑄𝑃K4E;< 𝑠𝑐𝑎𝑙𝑖𝑛𝑔 = @
J>?	B5CD4EF&'

 (Equation 4.13) 

 

𝑄𝑃K4E;< = 𝑄𝑃K4E;< × 𝑄𝑃K4E;< 𝑠𝑐𝑎𝑙𝑖𝑛𝑔 (Equation 4.14) 

 

𝑃𝑈𝐸GH.@;<  = PUE at 0.1 d-1 growth rate  

(Trichodesmium = 0.25 mol N hr-1 mol-1 P, Crocosphaera = 0.2628 mol N hr-1 mol-1 P) 
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Figure 4.2. Spatial distribution of the dominant underlying nutrient limitation regimes 

experienced by the diazotroph phytoplankton functional type within the model: A) 

Trichodesmium and B) Crocosphaera. Red regions indicate Fe limitation and Blue indicates 

macro nutrient limitation (N or P). 

In this study, we used the new diazotroph model that accounts for temperature 

dependent EUEs to explore and compare how different diazotrophs respond to changes 

in temperature, alongside investigating how direct and indirect temperature effects 

shape future patterns of marine nitrogen fixation at regional scales.  

 
Table 4.1. Description of model experiments performed to explore the impact of warming on 

marine diazotrophy. 

 
 

 

 

 

 

Model Growth Curve IUE PUE

Reference simulations

Trichodesmium  TEUE Trichodesmium Scaling Fe cost of N2 fix Scaling QPmin

Crocosphaera  TEUE Crocosphaera Scaling Fe cost of N2 fix Scaling QPmin

No temperature dependent EUEs

Trichodesmium Trichodesmium N/A N/A

Crocosphaera Crocosphaera N/A N/A

Temperature dependent IUE only

Trichodesmium  TIUE Trichodesmium Scaling Fe cost of N2 fix N/A

Crocosphaera  TIUE Crocosphaera Scaling Fe cost of N2 fix N/A

Temperature dependent PUE only

Trichodemium  TPUE Trichodesmium N/A Scaling QPmin

Crocosphaera TPUE Crocosphaera N/A Scaling QPmin
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4.4. Results and Discussion 
 

We firstly focus on the reference simulations for both Trichodesmium and 

Crocosphaera, using the state of the art version of the model with both temperature 

dependent EUEs active (Table 4.1). 

 

4.4.1. Regional Response of Diazotrophy to Climate Change 

 

Globally, total nitrogen fixation is projected to decrease over the next century for both 

Trichodesmium and Crocosphaera. The decline in nitrogen fixation is stronger for 

Crocosphaera than for Trichodesmium with integrated nitrogen fixation decreasing 

from 69.1 to 58.9 Tg N yr-1 (-20% or -10.2 Tg N yr-1) and from 70.6 to 65.8 Tg N yr-1 

(-10% or -4.8 Tg N yr-1) respectively (Figure 4.3A). These declines in nitrogen fixation 

for the reference simulations fell within the projected trends of 9 CMIP5 models (-

50.1 Tg N yr-1 to +58.0 Tg N yr-1, Wrightson and Tagliabue, 2020). In contrast, the 

prior diagnostic modelling predicted that nitrogen fixation would increase for both 

organisms by the end of the century (Jiang et al., 2018, Yang et al., 2021). The 

distinction with our results arises due to the prognostic representation of both top-

down and bottom-up drivers on marine diazotrophy within a complex ESM that 

includes multiple competing PFTs. Regional differences in our model results were 

present with the Atlantic and Indian oceans responding in the same direction as the 

global trend for both diazotrophs (Figure 4.3B and D), whilst in the Pacific the 

response was more variable. By the end of century, Pacific Ocean nitrogen fixation for 

Crocosphaera had declined by 14%, but for Trichodesmium this decline was delayed 

and only reached -3% (Figure 4.3C). Thus, differences in global nitrogen fixation 

trends between each diazotroph PFT are driven by the Pacific Ocean. Our results 

suggest that rates of nitrogen fixation by Trichodesmium may be more resilient to 

change in the future Pacific Ocean than Crocosphaera. At the global scale, comparing 

the reference simulations to the model simulations without temperature dependent 

EUEs demonstrates the impact of accounting for the effect of temperature on EUEs.  

We find weaker declines in most of the basins for Trichodesmium when temperature 

dependent EUEs were accounted for. For Crocosphaera, accounting for the thermal 

impacts on the EUEs appears to be more beneficial in the Atlantic and Indian Oceans, 
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whereas globally and in the Pacific Ocean the decline in nitrogen fixation is similar or 

slightly stronger for the reference Crocosphaera simulation compared to the 

Crocosphaera model without temperature dependent EUEs (Figure 4.3).  

 

4.4.2. Spatial Patterns of Marine Nitrogen Fixation 

 

The spatial distribution of the nitrogen fixation climate signal (defined as the change 

in depth integrated N2 fixation between 1996-2005 and 2091-2100) in the reference 

simulation was broadly similar for both diazotrophs, with increases in the high 

latitudes and decreases at low latitudes (Figure 4.4C and F).  

 

 
Figure 4.3. Percentage change of integrated nitrogen fixation for the RCP 8.5 scenario (2006 
– 2100) compared to the historical mean (1996-2005) for Trichodesmium (blue) and 
Crocosphaera (red), solid lines represent reference simulation where temperature dependent 
EUEs were included, and dashed lines represent model without EUEs. Percentage change is 
shown for the global ocean (A) and the ocean basins: (B) Atlantic, (C) Pacific and (D) Indian 
oceans. Grey lines represent 9 Earth System Models that have been used for climate change 
projections of nitrogen fixation (Wrightson and Tagliabue, 2020). 

 

The Pacific Ocean response is more complicated than that of the Atlantic and Indian 

basins, especially in the equatorial Pacific upwelling region where nitrogen fixation is 

also responding to projected changes to the fixed N inventory which controls the 
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competitive niche for diazotrophs, relative to faster growing but non-N2 fixing 

plankton (Figure 4.4C and F). When the nitrogen fixation climate signal is compared 

between the two diazotrophs it is apparent that Crocosphaera shows an amplified 

response, relative to Trichodesmium (Figure 4.4G). Overall, the spatial pattern of 

nitrogen fixation is broadly similar for the two diazotrophs, which indicates that, at 

least for our model, the explicit representation of only one oligotrophic diazotroph PFT 

may be sufficient. This is to be expected however, as apart from the different thermal 

performance curves for growth and EUEs both diazotrophs have the same assumptions 

for minimum quotas, light limitation, and grazing pressures. Moreover, the current 

version of the model does not allow for competition between the two diazotrophs and 

so the role of competition for resources has not been assessed. Nevertheless, for 

simplicity we will use the results of the Trichodesmium model to address the 

mechanisms driving the change in nitrogen fixation due to climate change. 

 

 
 

 
4.4.3. Identifying the Drivers Controlling the Change in Nitrogen Fixation: 

Environmental Grouping 

 

The aim was to identify how temperature can directly and indirectly impact patterns 

of nitrogen fixation and which drivers were controlling the nitrogen fixation response 

regionally. To do this we employed a simple environmental grouping approach based 

Figure 4.4. Depth integrated nitrogen fixation for 
Trichodesmium (A, B and C) and Crocosphaera (D, E and 
F) for the historical period (1996-2005; A and D) and the 
RCP8.5 scenario (2091-2100; B and E). Also shown are 
the climate change signal of nitrogen fixation (RCP – 
historical; C and F) and the anomaly of the climate change 
signals comparing Crocosphaera and Trichodesmium (G). 
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on how the model incorporates a hierarchy of controls on diazotrophy. We used the 

different thermal optimums for growth, iron use efficiency and phosphorus use 

efficiency from the thermal performance curves. An alternative approach would be to 

conduct a series of exhaustive sensitivity experiments with the model to probe how the 

model results are affected by different assumptions. However, due to the coupled 

nature of fixed N supply and biogeochemical cycling, the system is not in a simple 

linear state and unexpected and complex non-linear feedbacks can emerge.  

 

The direct impact of changes in temperature on diazotroph thermal performance 

through changes in diazotroph growth rates was able to explain 55-59% of the nitrogen 

fixation climate signal. Globally, sea surface temperature increases by between 1-12oC 

by 2091-2100 under the high emissions RCP8.5 scenario. If temperature surpasses the 

thermal optimum for growth the diazotroph will experience thermal stress (red regions, 

Figure 4.5B), which would decrease maximum growth, and hence also nitrogen 

fixation rates. If the temperature is below the thermal optimum for growth (blue 

regions, Figure 4.5B) the diazotroph would not be thermally stressed and so growth 

and nitrogen fixation rates would increase with warming leading to an expanded 

thermal niche. We evaluated the direct role of temperature using the monthly 

maximum sea surface temperature during 2091-2100.  Combining the spatial maps of 

the change in nitrogen fixation (Figure 4.5A) and thermal stress (quantified using the 

difference between SST and Topt) associated with diazotroph growth (Figure 4.5B) 

two regimes could be identified. The first regime was assigned to the regions where 

the diazotroph was thermally stressed (i.e SST > Topt) and, as expected, nitrogen 

fixation was being restricted (Blue regions, low latitudes, represents 19.3% and 22.5% 

of the niche of Trichodesmium and Crocosphaera respectively, Figure 4.5C, Table 

4.2). The second regime was associated with regions where the diazotroph was not 

thermally stressed (i.e., SST < Topt) and nitrogen fixation increased as expected due 

to warming (red region, high latitudes = expanding thermal niche, represents 35.9% 

and 28.7% of the niche of Trichodesmium and Crocosphaera respectively, Figure 

4.5C, Table 4.2). This assessment of the effect of direct temperature on diazotrophs 

left almost half of the ocean (black region, represents 41% and 45% of the niche of 

Trichodesmium and Crocosphaera respectively, Figure 4.5C) which could not be 

explained. In these regions, despite being thermally stressed (SST > Topt) nitrogen 

fixation increased.  
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This was due to indirect temperature effects with changing EUEs in response to 

warming, explaining the climate trend in nitrogen fixation for around a quarter of the 

diazotroph’s niche, with the remainder being attributed to the emergence of a new N-

limited niche which promoted diazotrophy. As discussed above, temperature can also 

indirectly effect rates of nitrogen fixation by altering the efficiency of enzymes and 

the EUEs can be used to explore this. If temperature surpasses the thermal optimum 

of the elemental use efficiencies (i.e., SST > Topt EUE), then the declining elemental 

use efficiencies (e.g., due to enzymes denaturing) lead to increased nutrient limitation 

(red areas, Figure 4.5D and E). Alternatively, if the temperature remains below the 

thermal optimum of the elemental use efficiencies (i.e., SST < Topt EUE), then 

elemental use efficiencies increase with ocean warming, alleviating nutrient limitation 

and promoting both growth and nitrogen fixation despite reduced maximum growth 

rates (blue areas, Figure 4.5D and E). This concept of temperature adjusted EUEs can 

be used to further explain the nitrogen fixation trend in regions not explained by direct 

temperature effects (black region, Figure 4.5C). A first regime can be identified where 

one or both EUEs have increased due to warming and nitrogen fixation rates increased 

due to reduced nutrient limitation despite diazotroph growth being thermally stressed 

(shades of orange/yellow, represents 22.5% and 27.8% of the niche of Trichodesmium 

and Crocosphaera, respectively, Figure 4.5F, Table 4.2). A second regime displays 

reduced elemental use efficiencies in response to warming alongside declining 

nitrogen fixation, despite no thermal stress on diazotroph growth, due to enhanced 

nutrient demand (shade of blue areas, represents 3.4% and 4.4% of the niche of 

Trichodesmium and Crocosphaera respectively, Figure 4.5E, Table 4.2). For 

Trichodesmium both Fe and P use efficiencies increase, but for Crocosphaera only P 

use efficiency increases within the black region (Figure 4.5D and E). Thus, changing 

EUEs due to warming explains the response of nitrogen fixation in around a quarter of 

their niche. Finally, temperature changes due to climate can also indirectly impact 

diazotrophy through the decline in the upper 100m N inventory due to enhanced 

vertical stratification. The decrease in the N inventory leads to increased N limitation 

of fast growing non-diazotroph PFTs, providing the slower growing diazotrophs with 

a competitive advantage. This new niche for diazotrophy emerged largely in the 

Pacific Ocean (pink area, represents 13.8% of the niche for both diazotrophs, Figure 

4.5F, Table 4.2). 
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Overall, by applying this environmental grouping approach, 95% and 97% of the 

spatial nitrogen fixation signal can be explained for Trichodesmium and Crocosphaera 

respectively. Around half is explained by the direct effect of temperature, a quarter 

due to the effect of warming on elemental use efficiencies and the remainder due to 

competition with non N2 fixing plankton in N limited regions. The remaining black 

regions that cannot be explained by temperature are being controlled by other factors 

such as grazing, light availability or community shifts (Table 4.2). 

 

In our model we can examine how the changing diazotroph physiology due to the 

effect of temperature on EUEs was reflected in their overall nutrient limitation in those 

regions where the climate trend in nitrogen fixation rates was not simply due to the 

direct temperature effect (i.e., the black region in Figure 4.5C). We isolated this area 

and compared the climate trend of diazotroph nutrient limitation for both 

Trichodesmium and Crocosphaera to the model runs where no temperature-EUE 

parameterisation was present (Figure 4.6A and B). In general, for the majority of this 

region nutrient limitation was decreasing in the reference simulations as expected from 

our grouping approach (Figure 4.6C and D). An interesting point to note is that for 

Trichodesmium, nutrient limitation decreased broadly across the whole of the black 

region, whereas for Crocosphaera, nutrient limitation decreased in the Atlantic but not 

in the Pacific (Figure 4.6B). This may be because only the PUE increases for 

Crocosphaera in this region, providing an advantage in the P limited Atlantic, but no 

advantage in the Fe limited Pacific. Thus, Crocosphaera experienced increased 

nutrient limitation in the Pacific (Figure 4.1B and 4.6B). For Trichodesmium however, 

both Fe and P EUEs increase and broad decreases in nutrient limitation are observed 

across both basins (Figure 4.6A).  
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Figure 4.6. Anomaly of the climate trend of nutrient limitation for Trichodesmium TEUE (A 

and C) and Crocosphaera TEUE (B and D) compared to the base model runs without any 

EUE parameterisation. Maps and histograms focus on the black environmental group where 

the nitrogen fixation anomaly could not be explained by the direct temperature effects. Blue 

indicates decreasing nutrient limitation and red indicates increasing nutrient limitation. 

Ultimately, the changes in nitrogen fixation are associated with either a change to the 

geographic niche of diazotrophy or by changes to their physiology regarding resource 

use efficiency and limitation to nutrient availability via alterations to Fe and/or P 

EUEs. A changing niche explains the impact of climate on diazotrophy over the 

majority of the ocean area, either due to thermal stress leading to a shrinking niche, 

thermal expansion of the niche to higher latitudes or a competitive advantage for 

diazotrophs in newly N-limited regions. In addition, the regions associated with 

changing diazotroph physiology, either due to increasing or decreasing EUEs explain 

N2 fixation trends for around a quarter of the diazotroph niche. If assessed in terms of 

the contribution of each regime to the overall integrated change in nitrogen fixation 

(Figure 4.7), we see the dominant effect of the decline of ~20 Tg N yr-1 due to thermal 

stress. Around half of this is compensated for by both a new niche in newly N-limited 

regions and improved EUEs under warming (~5 Tg N yr-1 each). In absolute terms, 

the expanding thermal niche to higher latitudes only plays a minor role in the model. 

This indicates that both the indirect and direct effects of temperature on marine 

diazotrophs need to be accounted for in Earth System Models to fully assess the impact 
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of warming on the total rates of marine nitrogen fixation that drive the broader 

biogeochemical consequences. 

 

 
Figure 4.7. Contribution of each environmental group to the climate signal of nitrogen 

fixation for Trichodesmium (solid) and Crocosphaera (hatched). Direct temperature impacts: 

blue (restricting growth/N2 fix), red (promoting growth/N2 fix). Indirect temperature impacts: 

pink (decreasing N inventory due to stratification opening a competitive niche for 

diazotrophy), orange (1 or both EUEs more efficient) and cyan (1 or both EUEs decreasing 

leading to nutrient limitation). Black bars indicate the environmental group which cannot be 

explained by temperature. Percentages show how much of the area of the diazotroph’s 

geographic niche each group occupies. 

 

4.4.4. Wider Implications and Further Work 

 

The current version of the model assumes that the thermal performance of the 

modelled diazotroph is fixed and neglects any thermal evolution. This means that once 

their maximum thermal threshold is surpassed by rising SST they are excluded, which 

drives a large decline in both their niche and absolute nitrogen fixation rates. However, 

biology is highly dynamic, with both evolution and adaptation likely to occur. Our 

results can provide a gauge as to the rate at which temperature will exceed the thermal 

optimum of growth for Trichodesmium and Crocosphaera and how this compares to 
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experimental studies of thermal adaptation of both diazotrophs. Our results imply that, 

based on the monthly maximum sea surface temperature, the thermal optimum for 

growth has already been surpassed for much of the low latitude ocean by the end of 

the historical period for both diazotrophs (Figure 4.8). At the end of the historical 

period (1996-2005) the area of the diazotroph’s niche where they are experiencing 

thermal stress is 31% and 43% for Trichodesmium and Crocosphaera, respectively.  
 

Figure 4.8. Percentage of the area of the diazotroph’s niche where temperature has surpassed 

the thermal optimum for growth for both Trichodesmium (blue) and Crocosphaera (red) using 

the monthly maximum SST (solid lines) and the annual mean SST (dashed lines). Black line 

indicates the end of the historical period and the start of the RCP8.5 forcing. 

By the end of the century the area of thermal stress roughly doubles for both 

diazotrophs, and for most of the low latitudes the diazotrophs are thermally stressed 

within 10 years of the RCP8.5 scenario (Figure 4.8, Table 4.3). This indicates that if 

diazotrophs can’t adapt to warming in the future they may be excluded from broad 

regions of the low latitudes. If the annual mean temperature is used the area of thermal 

stress is ~25% less than if the monthly maximum temperature is used but the outlook 

is the same (Table 4.3). In this study the monthly maximum temperature was used as 

these are the actual conditions the diazotrophs will experience in the model. Our 

estimates of diazotroph thermal stress are based on a strict temperature criterion that 

states if the specific thermal optimum of diazotroph growth is surpassed then the 

diazotroph is thermally stressed. However, a recent modelling study investigating 

optimal growth of Trichodesmium defined optimal growth conditions as those which 

allow growth rates of >0.25 d-1 and suggested that when considering the combined 

impact of temperature, light, and Fe availability, the area of optimal conditions 
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experienced by Trichodesmium may increase by up to 173% by 2100 (Boatman et al., 

2020). The study by Boatman et al. (2020) also indicated that the thermal niche of 

Trichodesmium will likely expand at high latitudes and reduce in equatorial regions 

agreeing with the findings of this study. 

Table 4.3. Area of the thermal niche of diazotrophy where thermal stress is occurring for 

Trichodesmium and Crocosphaera for both the monthly maximum temperature and annual 

mean temperature for the historical (1996-2005) and the RCP8.5 scenario (2091-2100). 

 

Currently the model can only represent one of either Trichodesmium or Crocosphaera 

which does not allow for competition between the two diazotrophs to occur. It would 

therefore be interesting to implement both diazotrophs into the model as co-existing 

PFTs to investigate how competition between the two organisms in the model impacts 

rates of nitrogen fixation. In the ocean, Trichodesmium and Crocosphaera would 

compete for resources particularly Fe and P. Both microbes are adapted to low P 

environments and are able to access dissolved organic phosphate (DOP) alleviating P 

limitation (Dyhrman et al., 2002, Dyhrman and Haley, 2006). Unlike Crocosphaera, 

Trichodesmium is also able to deploy high affinity P strategies enabling growth on 

polyphosphate and phosphonates providing a competitive advantage and may reduce 

competition (Dyhrman et al., 2006, Orchard et al., 2010). Both organisms also occur 

at different depths with Crocosphaera generally present deeper in the water column to 

avoid photoinhibition, whilst Trichodesmium is better able to cope with high irradiance 

levels and prefers the high light surface waters, and so spatial separation may also 

prevent competition (Andresen et al., 2010, Inomura et al., 2019). However, 

Trichodesmium and Crocosphaera are not the only diazotrophs in the ocean, molecular 

techniques have identified a wide diversity of diazotrophic organisms exists in the 

ocean including both autotrophic and heterotrophic diazotrophs (Zehr and Capone, 

km2 % km2 %
Monthly Maximum SST

Tricho TEUE 2.21E+08 31.2 4.90E+08 63.4

Croco TEUE 2.87E+08 43.7 5.27E+08 71.3

Annual mean  SST
Tricho TEUE 4.50E+07 6.4 2.96E+08 38.3

Croco TEUE 9.96E+07 15.1 3.37E+08 45.5

Hist (1996-2005) RCP (2091-2100)
Total Area SST > Topt Total Area SST > Topt
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2020). One of particular interest is the symbiotic unicellular cyanobacteria, UCYN-A 

which may be more prevalent globally than either Trichodesmium or Crocosphaera 

(Martinez-Perez et al., 2016). Generally, UCYN-A occupies higher latitudes and 

coastal regions which may allow the niche of diazotrophy to expand past the tropics 

and sub-tropics within the model (Zehr and Capone, 2020). UCYN-A would be an 

important candidate to include in the model, but to be able to implement UCYN-A into 

the model observational/laboratory data on growth and elemental use efficiencies 

would be required which is currently challenging as it is not yet cultured in the lab. 

 

Here, we have focused upon the combined effects of warming on marine nitrogen 

fixation but another potentially important driver of change is grazing by zooplankton. 

Zooplankton have been observed to consume diazotrophs in the ocean (Horii et al., 

2018, Turk-Kubo et al., 2018) and it has been suggested by a recent modelling study 

that grazing has the potential to control patterns of marine nitrogen fixation (Wang et 

al., 2019). The current grazing parameterization within the model causes grazing on 

diazotrophs to be highly positively correlated with diazotroph biomass. By altering the 

zooplankton grazing preference for diazotrophs within the model, the grazing pressure 

experienced by the diazotrophs will also change, with decreased grazing preference 

promoting nitrogen fixation and increased grazing preference restricting nitrogen 

fixation rates. It would therefore be interesting to investigate how the role of top-down 

controls such as grazing pressure interact with warming driven impacts to shape the 

patterns of nitrogen fixation in the future. 

 

Finally, the model used in this study is only accounting for the indirect impact of 

temperature on nitrogen fixation. As has been shown in this study two diazotrophs 

with different thermal performance curves respond differently to warming, however, 

other processes such as photosynthesis and respiration involve enzymes that may 

respond differently to warming compared to those associated with nitrogen fixation. 

In the studies that measured the EUEs of nitrogen fixation, the carbon fixation EUEs 

were also measured and show slight differences compared with the nitrogen fixation 

EUEs which may lead to regional shifts in the niche of diazotrophy for both 

Trichodesmium and Crocosphaera (Jiang et al., 2018, Yang et al., 2021). A similar 

approach using EUEs could be applied to other PFTs within the model. The thermal 

windows of non-diazotroph phytoplankton have been found to range from 
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temperatures as cold as <5oC to warmer temperatures of 35oC and each species has a 

specific thermal optimum for growth (Boyd et al., 2013). This implies that the thermal 

performance of phytoplankton will be highly variable throughout the ocean with each 

phytoplankton experiencing different levels of thermal stress based upon their 

adaptation to temperature. Warming will therefore impact upon growth rate and EUEs 

of different phytoplankton, shaping patterns of nutrient limitation and ultimately 

defining their environmental niche. The response of different phytoplankton functional 

types to warming will alter patterns of resource availability and competition 

influencing ocean biogeochemistry. Therefore, to gain a more complete understanding 

of how warming will impact ocean biogeochemistry it is essential to include 

temperature adjusted EUEs for both other PFTs and for other processes such as carbon 

fixation.  

 

4.5. Conclusions 
 

In this study we have developed a new state of the art explicit diazotroph model for 

PISCES QUOTA in order to investigate how diazotroph thermal fitness shapes 

patterns of marine nitrogen fixation. The model can switch between two prevalent 

marine diazotrophs, Trichodesmium and Crocosphaera, and uses observed thermal 

performance curves of growth and nitrogen fixation EUEs to represent the thermal 

fitness of both diazotrophs accounting for both the direct and indirect effects of 

warming on marine diazotrophy. We have shown that nitrogen fixation is predicted to 

decrease globally for both diazotrophs, but regional differences occur particularly in 

the Pacific Ocean which acts to shape the individual response of Trichodesmium and 

Crocosphaera to climate change. Both diazotrophs exhibit broadly similar patterns of 

nitrogen fixation with increases in the high latitudes and decreases in the low latitudes. 

Environmental grouping allowed for 95-97% of the nitrogen fixation climate change 

signal to be explained, with two groups of drivers emerging, those associated with a 

change in the diazotroph’s niche and those associated with a change in diazotroph 

physiology. Decreases in nitrogen fixation were dominated by a change in the 

diazotroph niche, whilst increases were driven by a combination of both a changing 

niche and changing physiology. With temperatures rising diazotroph thermal stress 

will increase, it is predicted that by the end of the century the area of thermal stress 
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doubles. This implies that if diazotrophs can’t adapt to increasing temperatures quickly 

enough they may be excluded from large regions of the low latitude ocean. Overall, 

we have performed a holistic consideration of the impact of warming on diazotrophy, 

highlighting both the direct and indirect effects of temperature on diazotroph thermal 

fitness all of which need to be considered to fully assess the response of nitrogen 

fixation to climate change. 
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Chapter 5 
 

Conclusions and Further Directions 

 
5.1. Thesis Findings 

 
The overall aim of this thesis was to identify the impact of multiple environmental 

drivers on marine diazotrophs to investigate the response of nitrogen fixation to 

climate change.  This work specifically focused on the representation of diazotrophy 

in Earth System Models and the insights that can be gained from their application. 

Through an intercomparison of 9 Earth System Models that incorporate nitrogen 

fixation it was revealed that large disagreements in the spatial patterns and magnitudes 

of nitrogen fixation existed between the models but on the whole models agreed that 

rates of nitrogen fixation will decrease globally in response to climate change. 

Nitrogen fixation is a key additional source of N to the surface ocean, however, the 

importance of diazotrophy to net primary productivity has previously been 

overlooked. In chapter 2 it was identified that the response of diazotrophy to climate 

change plays an important role in shaping the later emerging trends in net primary 

productivity in the tropics. Current models have relatively poor skill in reproducing 

observations of nitrogen fixation and several limitations exist especially considering 

the role of multiple interacting drivers on marine nitrogen fixation. This highlighted a 

need for a new generation of nitrogen fixation models which would be required to fully 

assess the impact of climate change on marine nitrogen fixation and net primary 

productivity.  

 

Building upon the findings of the model intercomparison, a new explicit diazotroph 

model was developed for the optimal-allocation based PISCES-QUOTA model and 

was described in chapter 3. The new explicit diazotroph phytoplankton functional type 

was successfully incorporated into PISCES-QUOTA and sensible output was 

generated allowing comparison with the implicit scheme. Globally, small differences 

were present between the two models. Regionally, however, large differences were 
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apparent and could be impacted directly by the sensitivity of diazotrophs to Fe and P 

availability. Both models predicted declines in nitrogen fixation and net primary 

productivity in the future, but regional differences were again present. The climate 

driven signal of nitrogen fixation emerged earlier than that of net primary productivity, 

further emphasising that the response of nitrogen fixation to climate change will likely 

indirectly shape patterns of net primary production in the future. The model developed 

within chapter 3 is a key addition to the nitrogen fixation community and provides a 

framework to explore how the thermal fitness of diazotrophs alters the response of 

nitrogen fixation to climate change.  

 

To investigate how warming will impact nitrogen fixation in the future in chapter 4, 

the model developed in chapter 3 was modified to account for the thermal fitness of 

two diazotrophs, Trichodesmium and Crocosphaera. The thermal performance curves 

of growth and nitrogen fixation elemental use efficiencies were used to parameterise 

the thermal fitness of both Trichodesmium and Crocosphaera within the model 

allowing for the response of each organism to climate change to be explored. It was 

highlighted that small differences occurred globally between the two diazotrophs, but 

large regional differences were present particularly in the Pacific Ocean which shapes 

the overall climate response of both diazotrophs. Spatially both diazotrophs exhibited 

similar spatial patterns with increasing nitrogen fixation rates in the high latitudes and 

decreasing rates through the low latitudes. Environmental grouping was applied in 

order to explore the drivers of the nitrogen fixation climate signal. This allowed for 

95-97% of the climate signal to be explained with decreases in nitrogen fixation being 

dominated by changes to the diazotroph’s niche whilst increases were being driven by 

both changing niche and changing diazotroph physiology. It was also shown in this 

chapter that the area of thermal stress experienced by each diazotroph roughly doubled 

by the end of the century. With temperatures set to rise due to climate change, 

diazotroph thermal stress will increase leading to thermal exclusion from low latitude 

regions unless the diazotroph can adapt rapidly to the impacts of warming. The 

changing niche of diazotrophy can be explained by poleward expansion, equatorial 

exclusion or competitive advantage gained due to the decline in the N inventory. Both 

poleward expansion and equatorial exclusion offer interesting avenues for further 

study as both have associated uncertainties that will be discussed below. Through the 

successful combination of laboratory and modelling approaches, chapter 4 was able to 
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explore the direct and indirect impact of temperature on the thermal fitness of two 

prevalent marine diazotrophs. This holistic consideration of the role of warming on 

marine diazotrophs is required in order to fully assess the impact of climate change on 

marine diazotrophy and how they will shape patterns of net primary productivity in 

the future.  

 

5.1.1. Updating the Paradigm on How Climate Affects Net Primary Productivity 

 

The findings of this thesis highlight the importance of nitrogen fixation in shaping 

patterns of net primary productivity throughout the low latitude ocean and seek to 

update the current understanding on the drivers of net primary productivity in these 

regions. Over much of the oligotrophic ocean net primary productivity is limited by 

the availability of nitrogen (N) and previous work has focused upon the physical 

supply of N to the surface ocean suggesting that stratification will dictate patterns of 

net primary productivity in the future (Behrenfeld et al., 2006, Dave and Lozier, 2013, 

Moore et al., 2013, Fu et al., 2016). Throughout this thesis however, the role of 

nitrogen fixation in shaping patterns of low latitude net primary productivity was 

recognised. The addition of an explicit diazotroph PFT identified a host of feedbacks 

that impact patterns of nitrogen fixation from nutrient availability to thermal fitness 

which alter both the physiology and niche of marine diazotrophs. The response of 

nitrogen fixation to climate change is complex and several uncertainties still exist that 

need to be explored. In the future, enhanced stratification will likely exacerbate N 

limitation and the supply of N by diazotrophy will act to alleviate this N limitation, 

fuelling primary productivity throughout the low latitudes. It is clear from this work 

that nitrogen fixation is a key component in shaping the patterns of net primary 

production, highlighting that future efforts to explore the climate change response of 

primary productivity need to consider the role of nitrogen fixation, both in terms of 

changing niche and modified physiology. 

 

5.2. Uncertainties Associated with the Changing Diazotroph Niche 
 

The nitrogen fixation response to climate change was dominated by shifts in the 

thermal niche of diazotrophy with increases in the high latitudes due to poleward 
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expansion whilst decreases through the low latitudes were caused by thermal exclusion 

where temperature surpassed the Topt of growth. Both poleward expansion and thermal 

exclusion have associated uncertainties that need to be explored. Low latitude 

increases in nitrogen fixation also occurred and were largely controlled by temperature 

driven changes in diazotroph physiology working in concert with the evolution of a 

competitive niche due to changes in the N inventory. Currently only the effect of 

temperature on diazotroph physiology (nitrogen fixation only) is accounted for. The 

impact of warming on other aspects of diazotroph physiology (carbon fixation) as well 

as on the physiology of other phytoplankton needs to be explored and addressed. 

 

5.2.1. Expansion of the Niche Poleward 

 

The thermal performance curves for diazotroph growth used in the model described 

have strict thermal thresholds of 17-35oC and 20-35oC for Trichodesmium and 

Crocosphaera respectively, excluding the diazotrophs from regions that lie outside 

this range. In the future warming will increase the temperature of the ocean allowing 

diazotrophs to expand their niche to regions that were previously too cold to allow 

growth. This expected poleward expansion was observed within the model resulting 

in increased nitrogen fixation, but rates were low due to low growth rates at cooler 

temperatures. However, one aspect of this poleward expansion that remains to be 

explored is the impact of light on diazotrophy. Moving away from the equator, light 

availability decreases, traditionally nitrogen fixation is a process with a high energetic 

demand requiring high light levels to occur (Breitbarth et al., 2008). Therefore, as 

diazotrophs move poleward they may switch from a temperature/nutrient limited 

regime into one of light limitation. The current model configuration uses the light 

harvesting parameterisation of the nanophytoplankton PFT to represent diazotroph 

light harvesting and so light limitation which may occur due to poleward expansion is 

currently not accounted for. Previous studies have investigated the relationship 

between nitrogen fixation and irradiance. It has been shown that rates of nitrogen 

fixation saturate at lower irradiances (~100 mol m-2 s-1) compared to photosynthesis 

due to the preferential supply of Fe to photosystems creating a lack of nitrogenase to 

facilitate nitrogen fixation (Boatman et al., 2018b, Inomura et al., 2019). At high 

irradiance levels (>500 mol m-2 s-1) photosynthesis becomes inhibited for 

Crocosphaera but not for Trichodesmium. This suggests that Crocosphaera may 
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benefit from moving to low irradiance environments (Andresen et al., 2010, Inomura 

et al., 2019). In response to reduced light availability, phytoplankton can either 

increase the number of photosynthetic units (PSU) or increase the size of the antennae 

in order to adapt (Moore et al., 2006, Strzepek et al., 2019). Increasing the number of 

PSUs can increase the Fe demand of photosynthesis with a 10-fold decrease in light 

availability causing up to a 4-fold increase in Fe demand (Sunda and Huntsman, 1997). 

Trichodesmium and Crocosphaera employ different temporal strategies for nitrogen 

fixation and photosynthesis with both process occurring during the day for 

Trichodesmium and whilst for Crocosphaera nitrogen fixation occurs during the night 

and photosynthesis occurs during the day (Berman-Frank et al., 2007). The strategy 

used by Crocosphaera allows it to shuttle Fe between nitrogenase and photosystems 

depending on the time of day, whereas Trichodesmium needs to satisfy the Fe demand 

of both processes simultaneously (Tuit et al., 2004, Inomura et al., 2019). This suggests 

that if the response of the diazotroph to low irradiance was to increase the number of 

PSUs then Crocosphaera may be better adapted to cope with the additional Fe demand 

than Trichodesmium. Further observations are required of both the photosynthetic 

activity and the strategy of photoadaptation used by both diazotrophs in response to a 

reduction in light availability. The explicit light harvesting capability of diazotrophs is 

currently not represented within the model and needs to be explored and included to 

account for the role of light in shaping the nitrogen fixation response at higher 

latitudes. 

 

5.2.2. Thermal Exclusion from Low Latitudes 

 

The thermal performance curve for growth defines the thermal limits of each 

diazotroph as well as the thermal optimum for growth. At temperatures that surpass 

the thermal optimum for growth, diazotroph thermal fitness declines decreasing rates 

of nitrogen fixation until the thermal maximum is reached and the diazotroph becomes 

excluded. Within the model this thermal exclusion has been shown to occur throughout 

the low latitude equatorial ocean in the future, which will lead to large declines in 

diazotrophy and will control the response of nitrogen fixation to climate change. The 

current parameterisation of the thermal performance curves defines a fixed thermal 

window for each diazotroph which does not change and ultimately dictates the thermal 

niche of diazotrophy. However, in nature microbes have relatively short turnover times 
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that allow for adaptation to environmental perturbations to occur. Studies investigating 

thermal evolution of marine microbes have highlighted that when cultures of the same 

species are grown at two different temperatures for an extended period of time, an 

increase of 1oC in the thermal optimum and an increase of 1-3oC in the maximum 

thermal threshold occurred for the microbes cultured under warmer temperatures 

(Listmann et al., 2016, O'Donnell et al., 2018). Currently within the model the area of 

the ocean that diazotrophs are experiencing thermal stress roughly doubles by the end 

of the century, however, thermal stress is currently defined by the thermal optimum of 

growth. If through adaptation the thermal optimum and/or maximum can shift to 

warmer temperatures the response of diazotrophy to warming would be altered 

throughout the low latitudes with the potential for increased nitrogen fixation and 

reduced thermal exclusion. Both Trichodesmium and Crocosphaera are likely to adapt 

differently to warming with Trichodesmium living as a colonial organism whilst 

Crocosphaera is a free-living unicellular organism, these different lifestyles will likely 

impact turnover rates and timescales for adaptation. Currently there is little knowledge 

on the thermal evolution of marine diazotrophs, therefore the potential for thermal 

adaptation of both Trichodesmium and Crocosphaera in response to warming needs to 

be explored to assess both the extent of possible adaptation as well as the timescales 

required for change. The incorporation of thermal evolution into the new explicit 

diazotroph model would enable the uncertainties associated with thermal exclusion to 

be addressed and provide a more complete insight into how diazotrophy will respond 

to a changing climate in the future. 

 

5.2.3. Effect of Temperature on Physiology 

 

Thermal performance curves of element use efficiencies (EUE) provide a mechanism 

to explore how temperature can impact an organism's physiology. Increasing EUEs 

indicate an increase in the thermal performance of an organism through more efficient 

enzymes which reduces the organism’s nutrient requirements. Currently, only the 

effect of temperature on the nitrogen fixation EUEs of diazotrophs has been accounted 

for. Diazotrophs also perform several other biochemical processes that rely on 

enzymes such as carbon fixation and respiration. Carbon fixation EUEs for phosphorus 

and iron have been measured for Trichodesmium and Crocosphaera revealing that 

carbon fixation EUEs respond slightly differently to warming compare to the EUEs of 



 141 

nitrogen fixation (Jiang et al., 2018, Yang et al., 2021). The varying responses of 

diazotroph EUEs both between diazotrophs as well as between different processes 

highlight that patterns of nutrient demand will vary for different organisms depending 

on temperature. Therefore, to fully account for the impact of temperature on 

diazotroph physiology the thermal performance curves of EUEs for key biochemical 

processes need to be measured and implemented into the model. Within chapter 4 it 

was highlighted that increases in nitrogen fixation EUEs resulted in increased nitrogen 

fixation through regions of the low latitudes due to decreased nutrient limitation. Low 

latitude nitrogen fixation also increased due to the emergence of a competitive niche 

for diazotrophs which arose from the stratification driven N decrease, leading to the N 

limitation of non-diazotroph phytoplankton within the model. However, the nutrient 

limitation of the non-diazotrophs does not currently account for the impact of 

temperature on their EUEs. Therefore, the incorporation of temperature dependent 

EUEs could either enhance or reduce nutrient limitation of non-diazotrophic PFTs, 

which as a result would alter the extent of the competitive niche of diazotrophy and 

impact patterns of nitrogen fixation. Observations of the temperature dependent EUEs 

are therefore required for the other PFTs in order to incorporate the effect of 

temperature on all phytoplankton physiology in the model. Understanding how 

temperature will impact phytoplankton physiology is required to fully assess how 

patterns of nutrient limitation will shape patterns of nitrogen fixation and net primary 

productivity in response to climate change. 

 

5.3. Moving Beyond Trichodesmium and Crocosphaera in Models 
 

Throughout this thesis emphasis has been placed on oligotrophic diazotrophy, 

focusing on Trichodesmium and Crocosphaera due to the availability of data for these 

two diazotrophs. However, in recent years molecular techniques have broadened our 

knowledge of known diazotroph diversity to include several unicellular cyanobacteria 

as well as non-cyanobacterial heterotrophic diazotrophs, expanding the recognised 

niche of nitrogen fixation to coastal regions and higher latitudes (Rahav et al., 2013, 

Benavides et al., 2016, Harding et al., 2018, Zehr and Capone, 2020). Of particular 

interest is the unicellular cyanobacterial group A (UCYN-A) which has been suggested 

to be more prevalent throughout the ocean than either Crocosphaera or 
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Trichodesmium and may in fact contribute more to global nitrogen fixation (Martinez-

Perez et al., 2016). Therefore, the inclusion of UCYN-A into an Earth System Model 

would be an important addition allowing nitrogen fixation away from the low latitudes 

to be explored. Several barriers currently exist preventing the inclusion of UCYN-A 

into an ESM. Firstly, UCYN-A forms a symbiotic relationship with a haptophyte host. 

To date neither can be cultivated in the lab and so measurements that are required to 

parameterise phytoplankton within an ESM such as the thermal performance curve for 

growth or nutrient requirements are currently unknown. Secondly, to represent 

UCYN-A in an ESM ideally the host and the symbiotic relationship also need to be 

included. The extent of this symbiosis is relatively unclear, but it is believed that 

UCYN-A provides the host with nitrogen whilst in turn receiving carbon from the host 

(Krupke et al., 2015). A recent study applied a metabolic modelling approach based 

upon genomic data to model the symbiotic relationship between UCYN-A and its 

haptophyte host, using flux balance analysis the minimum set of metabolites and 

processes that must be shared between the two organisms to allow growth were 

identified (Sarkar et al., 2021). By identifying the requirements for viable symbiosis 

to occur this approach could identify the key processes that need to be include into an 

ESM to successfully represent UCYN-A. Future efforts should be focused on 

obtaining observations of the thermal performance curves for growth, rates of nitrogen 

fixation and the nutrient requirements of UCYN-A which would be required in order 

to incorporate UCYN-A into the model developed within this thesis. The addition of 

UCYN-A into the model may broaden the current ecological niche of nitrogen fixation 

to higher latitudes providing a more complete insight into the response of nitrogen 

fixation to climate change. 

 

5.4. Impact of Other Environmental Drivers on Marine Diazotrophy 

 
Several other environmental drivers exist which may alter patterns of marine nitrogen 

fixation but have not been explored within this thesis. The first is the impact of 

increasing carbon dioxide (CO2). As discussed previously increasing CO2 

concentrations have been observed to increase growth and nitrogen fixation in both 

Trichodesmium and Crocosphaera, and like temperature may define an upper limit on 

nitrogen fixation rates (Hutchins et al., 2007, Hutchins et al., 2013). It has been 
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suggested that the increased concentration of CO2 reduces the diazotroph’s investment 

into carbon concentrating mechanisms (CCM) enabling more energetic investment 

into nitrogen fixation, photosynthesis, and growth (Boatman et al., 2018a). This would 

imply that increasing CO2 in the future may benefit marine diazotrophs and increase 

rates of nitrogen fixation in the future. However, increasing CO2 also results in an 

increase in pH which has been observed to reduce the efficiency of the nitrogenase 

enzyme and decrease rates of nitrogen fixation in Trichodesmium, which may have 

important implications for nitrogen fixation in the future (Shi et al., 2012, Luo et al., 

2019). 

 

The second driver is the supply of anthropogenic N from deposition and rivers. As has 

been discussed previously the concentration of fixed N can inhibit rates of nitrogen 

fixation both through uptake of fixed N by diazotrophs and decreased N limitation of 

non-diazotrophs resulting in increased competition. It has been shown by several 

model studies that the supply of anthropogenic N from deposition is likely to increase 

over the coming century resulting in decreased rates of nitrogen fixation 

(Krishnamurthy et al., 2009, Yang and Gruber, 2016, Buchanan et al., 2021). Any 

increase in the supply of anthropogenic N from rivers would also likely result in 

reduced rates of nitrogen fixation but may have a stronger impact on coastal 

diazotrophy as much of the N supplied by rivers may remain in coastal waters (Jickells 

et al., 2017, Tivig et al., 2021). 

 

 Changes in the supply of Fe from atmospheric deposition are also likely to impact 

patterns of marine diazotrophy. The magnitude of Fe supplied by atmospheric 

deposition can be altered by land use changes, drought, and anthropogenic activity 

(Mahowald et al, 2009). The availability of Fe is believed to limit diazotroph growth 

through large regions of the ocean due to the increased Fe demand of diazotrophy 

(Kustka et al., 2003). Changes to the supply of Fe from atmospheric dust may therefore 

either, alleviate or exacerbate Fe limitation of diazotrophs resulting in respective 

increases or decreases in marine nitrogen fixation and may alter the niche of 

diazotrophy (Krishnamurthy et al., 2009, Hamilton et al., 2020). 
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5.5. Final Remarks 
 

The work completed within this thesis has progressed the understanding of how 

multiple environmental drivers impact marine nitrogen fixation. It has provided an 

insight into the current modelling approaches and predicted patterns of diazotrophy, 

whilst highlighting that marine nitrogen fixation plays a key role in shaping patterns 

of later emerging trends in net primary productivity in the future. The development of 

a new explicit diazotroph model that incorporates the thermal fitness of diazotrophs 

through both temperature dependent growth rates and elemental use efficiencies 

provides a state of the art approach that can be used for climate change projections of 

marine nitrogen fixation. On the whole nitrogen fixation is projected to decrease 

globally in the future, however, different species of diazotrophs will respond 

differently to climate change leading to regional variation which will influence the 

response of net primary productivity to climate change. This work provides scope for 

further study to investigate several key uncertainties associated with marine 

diazotrophy which is required in order to fully assess the response of marine nitrogen 

fixation to climate change and how it impacts the productivity of the ocean. 
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