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Abstract. We examine the sensitivity of the biogeography tive to the demands of the non-diazotroph community. The
of nitrogen fixers to a warming climate and increased aeo-slower growth rates and increased iron requirements asso-
lian iron deposition in the context of a global Earth System ciated with nitrogen fixation (Berman-Frank et al., 2001;
Model. We employ concepts from Resource Ratio TheoryKustka et al., 2003) mean that diazotrophs will be outcom-
to provide a simplifying and transparent interpretatiothaf . peted if dissolved inorganic phosphorus (P) or iron (Fe} lim
results. First we demonstrate that a set of clearly defireed, e its them and their non-diazotroph competitors.
ily diagnosed provinces are consistent with the theory. Us- The global ocean can be described by 6 biogeochemical
ing the framework we show that the regions most vulnerableprovinces based on resource supply ratios (see Ward et al.,
to province shifts and changes in diazotroph biogeography2013; briefly summarized in Sect. 3) with diazotrophs only
are the Equatorial and South Pacific, and central Atlanfic.present in the two provinces where both the Fe:N and P: N
Warmer and dustier climates favor diazotrophs due to an insupply ratios exceed given criteria. The theory also sug-
crease in the ratio of supply rate of iron to fixed nitrogen. gests that the limiting nutrients in the euphotic layer arkelh
We suggest that the emergent provinces could be a standaegt eco-physiologically determined low values, while non-
diagnostic for global change models, allowing for rapid andlimiting nutrients accumulate according to the excess supp
transparent interpretation and comparison of model predicward et al. (2013) showed that these theoretical predistion
tions and the underlying mechanisms. The analysis suggestse consistent with observations along the Atlantic Merid-
that monitoring of real world province boundaries, indéht jonal Transect (Moore et al., 2009), nutrient data from the
by transitions in surface nutrient concentrations, woulttp  World Ocean Atlas (Garcia et al., 2006) and in observed di-
vide a clear and easily interpreted indicator of ongoingpglo  azotroph distribution (Luo et al., 2012). This frameworls ha
change. ss also been used to understand the observed shifts in nutrient
gradients (interpreted as province boundaries) that aheer
to short term changes in iron deposition in the equatorial At
lantic (Schlosser et al., 2013).

Nutrient supplies will change in a warming climate.

Nitrogen fixation is a major source of exogenous nitrogef? toModel studies have suggested a reduction of macro-nutrient
the global ocean and thus plays a critical role in the nitro-SUPPIY to the surface ocean in a warming ocean (Bopp et al.,
gen cycle and consequently for marine ecosystems. Pdtenti#001; Steinacher et al., 2010; Dutkiewicz et al., 2013)ek.ik
alterations in the distribution of nitrogen fixing autotrgp ~ Wise, the aeolian iron supply, a major source of bioavaglabl
(diazotrophs) as the climate changes will therefore have imiron to the ocean, has changed markedly in the past and is
portant ramifications. es likely to change in the future (Mahowald and Luo, 2003;

The observed biogeography of diazotrophs can be undefiahowald et al., 2006; Tegen et al., 2004). Model studies
stood as a function of nutrient supply ratios (Dutkiewicz Nave suggested that such changes will impact phytoplank-
et al., 2012, Ward et al., 2013) using concepts from Tilmanton- Reduction in macronutrients to the surface is likely
(1982), with the growth of diazotrophs dependent on an ext0 reduce primary production in some regions of a warmer

cess supply of both iron and phosphorus over nitrogen, felaworld (e.g. Bopp et al., 2001; Dutkiewicz et al., 2013) and
changes in iron supply have been shown to impact nitrogen

Correspondence to: S. Dutkiewicz (stephd@mit.edu) fixation rates (e.g. Krishnamurthy et al., 2009; Tagliabue
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et al., 2008). Here we show how the resource supply raticdher described in Luo et al., 2014) especially in the South
provides a framework to interpret model predictions. Pacific (where our model suggests less nitrogen fixation) and
We focus on how the relative change in nutrient supply South Atlantic (where the model suggests higher). The Luo
will affect the biogeography of diazotrophs and the impli- et al. (2012) compilation does not differentiate between he
cation for global nitrogen fixation. We apply the province erotrophic and autotrophic nitrogen fixation, while our rabd
based theory (Dutkiewicz et al., 2012, Ward et al., 2013 tofocuses only on autotrophic diazotrophy. Nitrogen fixation
understand the ecological changes that occur as an earth sythe South Pacific is likely dominated by heterotrophs (Halm
tem model is subject to changes in global temperature and aet al., 2012). Using hydrogen super-saturation, Moore.et al
mospheric dust deposition. We first introduce the numerical(2014) suggests higher nitrogen fixation in the South Aitant
model (Sect. 2) and results from two hypothetical scenarioghan previous observations had found.
of a changing ocean. We use the theoretical framework to To explore how the diazotroph distribution shifts in al-
map out the provinces and nutrient controls (Sect. 3), and irfered climates we conducted a series of sensitivity experi-
particular to explain the systems response in climate aimng ments (Table 21, and see Appendix A). Here we discuss two
scenarios (Sect. 4). We discuss implications and limitgtio key simulations which reveal the contributions of changes

of out study in Sect. 5.

in ocean circulation and changes in iron deposition indepen

1w dently:

2 Global numerical model

We use the MIT Integrated Global Systems Model (IGSM)
(Dutkiewicz et al., 2005, 2013; Scott et al., 2008; Sokolov
etal., 2009), an earth system model of intermediate comptex
ity together with a biogeochemistry and ecosystem model
(Dutkiewicz et al., 2009, 2012), as our laboratory for this
study. The model resolves the cycling of carbon, phosphorus
nitrogen, silica, iron, and oxygen through inorganic,riy;
dissolved and particulate organic phases. We resolvealeyer
non-diazotroph autotrophs, two diazotrophs and two geazer
See Appendix A for more details and changes relative to our
previous studies.

In a control simulation with pre-industrial climate and tlus
supply (Luo et al., 2008), we find plausible ecological and
biogeochemical distributions (similar to Dutkiewicz et, &
2013). In particular the relevant nutrient distributiorsre
pare well to observations (Fig. 21a—d). The model under-
estimates nitrate in the high Northern Hemisphere, but has
reasonable values in the sub tropics and equatorial regions
Iron has lowest concentrations in the equatorial Pacifi¢’ as
is observed (though note the paucity of observations), and
we appear to overestimate the iron limitation in the South-

— Phys: from pre-industrial conditions the system is per-
turbed with changes to the physical ocean (e.g. tem-
perature, circulation and mixing) as a result of increas-
ing greenhouse gases in a “business-as-usual” emis-
sion scenario (Sokolov et al., 2009; Dutkiewicz et al.,
2013; similar to RCP8.5). Dust-borne iron supplies are
however maintained at pre-industrial values (Luo et al.,
2008). There is a significant increase in the geographi-
cal extent of the diazotrophs particularly in the Equato-
rial and South Pacific by the end of the projected 21st
century (Fig. 22b). The area of ocean sustaining dia-
zotrophs increases by 17 % and the total global nitrogen
fixation rate also increases by 17 % (Table 22).

— Hilron: to explore the response to changes in iron sup-
ply, this experiment has iron dust fluxes that are dou-
bled relative to the pre-industrial values, but the phys-
ical ocean is held at pre-industrial conditions. In this
experiment there is also an increase in the biogeographi-
cal distribution of diazotrophs in similar regionsRbys
(Fig. 22c), with 38 % more area and a 28 % increase in
global nitrogen fixation.

Why do both experiments show similar shifts in dia-

ern Pacific gyres. Otherwise we capture the high iron con-;qtr0phs biogeography given such different alteratiortbeéo

centration in the Atlantic and the northern Indian ocearhwi

environment? These results, and the dynamics of the sys-

lower values elsewhere. We find a distribution of diazot®ph tem are most easily interpreted using the province strastur
(Fig. 21e and f) which is consistent with the observed dis- 355ociated with resource supply ratios.

tribution of diazotrophs (Luo et al., 2012), though again,
note the limitation of the observations. We capture high di-

azotroph biomass in the tropical Atlantic, though our max-3 Understanding global model results with theory

imum is slightly south relative to the observations. In par-

ticular we also capture the observed lack of diazotrophs inBefore considering the changing distributions of the sensi
regions such as the south Pacific gyres and Pacific equatdivity studies Hilron, Phys), we consider the diazotroph bio-
rial region (see Monteiro et al., 2010; Luo et al., 2012) andgeography of th€ontrol (pre-industrial) simulation. We find

consistent with the lack of isotopic evidence for nitrogem fi

that resource ratio theory to be the key to understanding the

ation in the middle of the North Atlantic gyre (Knapp et al., significantly more complex global numerical model.

2005, 2006). The numerical model is less consistent with

Our theoretical framework (Tables 23 and 24) is based

rates of nitrogen fixation found by Luo et al. (2012, and fur- on resource competition (Tilman, 1982) and builds directly
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4 S. Dutkiewicz et al.: Shifts in diazotroph biogeography

on our earlier studies Dutkiewicz et al. (2012) and Ward these last two provinces only occur in small regions of the
et al. (2013). We consider two groups of phytoplankton Atlantic in this model.

(Egs. 1 and 2, Table 24): non-diazotrophs (P) whose growth

can be limited by nitrate, phosphate or iron; and diazotsepph 3-2 Ecological control of nutrients

(D) who fix all the nitrogen that they require (relaxing this Theorv: ition th hat the i
assumption makes no qualitative difference to our results, . cory. resource competition t eory su_ggests.t fdtt € fim-
ting nutrient is controlled ecologically: in equilibriuifue-

Dutkiewicz et al., 2012). We assume here a simple linear db i5t) the oh lankton d h i
loss rate for both phytoplankton. The time rate of change of1oted by superscripy) the phytoplankton draw the nutrient

nutrients ¢ =N, P, Fe, Eqgs. 3-5, Table 24) are a combina- that limits them down to a specific value that is set by the
tion of phytoplf;mléton ,uptake, so,urcé,s(e.g. transport intd® plankton phys_iology and mortality _(see Tab_le .24' Egs. 6.'_10)
a location, dust supplies, remineralization of organictarat Where non-diazotraphs (B) are nitrogen limited (Provinces

and sink90); (e.g. transport out of a location, and in the case”_v)' inorganic hitrogen Is drawn.dqwn tf’ﬂ\' I_n province
if iron, scavenging). We make a key assumption (supported where non_—d|azot.rophs areron .I|m|te.d, iron is drawn down
by data e.g. Berman-Frank et al., 2001: Kustka et al., 2003}0 Fe;, and in province Il iron-limited diazotrophs (D) draw

that diazotrophs have a slower maximum growth rate than'°" dO_W” 10 Fe,. Sim_ilarly, phosphate is drawn down g, P
the non-diazotrophs. in province 1V and B in province VI.

When growth and losses are tightly coupled, equilibriumI’\lur.ne”(xj‘J .Model: fl1n th?hmodel nutr:en.ts Tllre dra;wr:l d(;)wnd
solutions are relevant; as is the case subtropical, obgbic ow in provinces where they are ecologically controfied an

regions (Dutkiewicz et al., 2009). In the theoretical frame f”md are higher in provinces where they are not. For instance

work we solve for equilibrium concentration of phytoplafik- ina tra_nsect n the Pacific ('.:'g' 2.40_6)’ Iron 1s drawn o_Iown
ton and nutrients (Egs. 6-10, Table 24). For the purpose O}owest in province | (to Fg) with a increase in concentration

this study, we explore the important conclusions of the theo 'tnFO [()er\;lrILce Ilh&.mr?.”" In Ft)m\;'r?ce [!_Jl |r|ontr\IN|II be mf‘“nl'
retical framework with the numerical model results, and di- ained at Fg which is greater than e In the numerica

rect the reader to Ward et al. (2013) and Appendix for furtherr.nOdel F¢ and F% are not uniform values, but are a func-
details. 20 tion of the dominant phytoplankton types (affecting «;;

andm;), temperature and light environment (as these impact
;), and grazing pressure. Thus even within province | and
[ll, there are variations in the iron concentrations. DIN is

Theory: because of their lower growth rate, diazotrophs candrawn down in in Province Il (where non-diazotrophs con-
only co-exist with non-diazotrophs if the non-diazotrophe®  trol it), while phosphate remains high and not ecologically
nitrogen limited. We define six distinct provinces, related controlled for all three provinces depicted here. Similaf-p

to whether diazotrophs coexist with non-diazotrophs and byl€"M$s occur for a transect between Provinces 1V, V and VI
whether growth of the different phytoplankton are limitgd b (N0t shown), butinstead phosphate and DIN are respectively
iron, phosphate, or in the case of non-diazotrophs, by DINECOlogically controlled and iron remains high.

(Table 25). .
Numerical Model: non-diazotrophs are DIN limited in Iigﬁt

blue, green, yellow, and dark blue regions (provinces I, Il Theory: the boundaries between provinces are controlled by
IV, V, Fig. 23). Diazotrophs and non-diazotrophs coexist in the rates at which iron and phosphate are delivered relative
the green and yellow provinces (Il and V), and are limited p|N, normalized by the elemental stoichiometry of the non-
by iron and phosphate respectively. diazotrophs Rxp, , Rxrep):

In province | (red in Fig. 23), where there is very Iit}!se :
iron supply, non-diazotrophs are iron limited (line 3 of Ta- ;
ble 25) and diazotrophs are excluded (line 1 of Table 25). In¢ren = m
regions with more iron supply, non-diazotrophs will be mtr Both ¢py and¢r.n Need to be great enough for excess
gen limited but there may still not be enough iron to supportP and Fe to accumulate to reach &d F¢, respectively for
diazotrophs (Province I, light blue in Fig. 23). In a region diazotrophs to survive (see Ward et al., 2013). This happens
with enough excess iron, diazotrophs can co-exist: thelywil when ¢pn and ¢r.n are greater than a critical threshold
be iron limited (line 2 of Table 25) while non-diazotrophs slightly above one. The exact amount though will be depen-
are still nitrogen limited (Province lllI, yellow). With eme dent on the actual values of the sourégsand/r. as well as
higher iron supply, diazotrophs are relieved of iron limita diazotroph maximum growth rate and nutrient half saturatio
tion and are instead phosphate limited (Province IV, green)constant.
However if phosphate supply is not enough to provide-ex- Numerical Model: we use model output to compuie v
cess, diazotrophs will be excluded (Province V, dark blue).and¢r.n (Fig. 25a and b). Heré; includes all advection
Even lower phosphate supply will lead to non-diazotrophsand mixing into a model grid cell, remineralization of organ
being phosphate limited (Province VI, orange). Note thatmatter, and in the case of iron, dust and sedimentary saurces

3.1 Provinces, co-existence, nutrient limitation

3.3 Nutrient supply ratio controls provinces boundaries

OPN =TT
PN RNPB I3



280

285

290

295

300

305

310

315

320

325

330

S. Dutkiewicz et al.: Shifts in diazotroph biogeography 5

For the most part the pattern of diazotrophy matches theexcess supply of P or Fe. Thus we formally relate the rate of
regions wherespy, ¢dreny > 1 (Fig. 25¢). The threshold is  supply of excess P to nitrogen fixation, in accord with Gru-
however slightly larger than one (as a consequence of théer and Sarmiento (1997) and Deutsch et al (2007), but also
slightly higher Fé and P for diazotrophs) and some regiaas explicitly incorporate the role of excess iron supply. Weeno
wheregppy, ¢r.n are only slightly greater than one will not that the theory predicts relationships between fluxes of nu-
support diazotrophs (i.e. Provinces Il and V). trients and not nutrient concentrations. In particuladaes

In both the equatorial Atlantic and Northern Atlantig; v not suggest clear relationships between nitrogen fixatite r
is less than 1 (suggesting that no diazotrophs should eéxist) and iron or phosphate concentrations and consistently, the
regions where model diazotrophs are in fact present. Imdhere not observed (Luo et al, 2014).

Equatorial Atlantic, advection and mixing from surrourglin - Numerical Model: we find that the diazotroph biomass and

regions with diazotrophs support an immigrant population. nitrogen fixation rates are related to the net excess sugply o
The net growth rates of the diazotrophs in these regionsFe or P (Fig. 26 e,f): where there is excess supply of both
where the theorizegp is not sufficient, are negative and nutrients (top, right quadrant) there is higher biomass and
their population is maintained by transport from upstregamnitrogen fixation, and most grid cells have no (or very low)

(e.g. see Clayton et al., 2013). Similarly, the swift Gulf values in the other quadrants. That some diazotroph are out-
Stream current carries diazotrophs northward out of the reside their prescribed provinces (discussed above) dods lea
gions that can support positive growth. to some scatter, but about 80% of both diazotroph biomass

The model results as presented in Fig. 26a again suggesind nitrogen fixation rates do occur in the anticipated quad-
that the boundaries of provinces are largely, but not cem-+ant. However even within the quadrant there is not a strong
pletely controlled by r.ny and¢py. Here each model grid  correlation between biomass/nitrogen fixation and netsxce
cell is plotted as function opr.ny and¢py (Fig. 25) and  supply of Fe or P. This is because both biomass and nitrogen
colored by the province designation (Fig. 23). In the the-fixation rates are also modulated by grazing pressure, and,
ory, Province | should be in the top right quadrant, Province in the case of nitrogen fixation, by diazotroph growth rate
I, I, IV, V in the top right quadrant, and VI in bottoms which is a function of temperature and light. Thus these-scat
right quadrant. The impact of transport is seen in the yel-ter plots in terms of absolute excess in supply rates aresnot a
low dots (province 1V) that have p less than the hypoth- clean as those in supply resource ratio (Fig. 26 a—d) used to
esized 1. However all other provinces map well into the ex-describe diazotroph biogeography.
pected quadrants of the supply ratio phase space (see also
Fig. 3 of Wardet al., 2013). Viewed in this resource sup-
ply ratio space, we can also see the anticipated nutrient con4 A changing ocean
trols (Fig. 26b,c,d) discussed in Section 3.2. For instance
iron is drawn down lowest (td’e};) in province | (top left
quadrant), with an increased in concentration with incréas
ing ¢ren into province Il and lll. In province Ill, iron will
be maintained ak’e}, which is greater thai’e};. Where the
iron is not ecological controlled (province IV,V,VI) thersu
face iron concentration is much higher. Similarly we antici
pate phosphate to be ecologically controlled (and thusiraw
down low) in provinces IV,V,VI (part of top right and bottora 4.1 Shifts in provinces

We use the province framework to explain the resulting shift
ing in diazotroph biogeography seen in Fig. 22. The the-
oretical considerations also provides insight into thdtshi
in provinces and the implications for nutrient concentrasi
and nitrogen fixation.

right quadrants) and nitrate in provinces Il 11, IV and @t

right quadrant). In Phys, we find a marked decrease in the supply of macronu-
trients ([ andlp). Increased stratification and slower over-

3.4 Nitrogen Fixation turning circulation lead to a reduction in the supply from

the deep ocean. Moreover, increased primary production
Theory: the biomass of the diazotrophs is a function ofsthe in the high latitudes (a response to higher temperatures and
net, excess rate of supply of P or Fe (whichever is lim- higher light with increased stratification, see Dutkiewatz
ing) over N, relative to the non-diazotroph elemental regfui  al., 2013) leads to higher consumption of nutrients at these
ments (Egs 11 and 12, Table 24). It is also a function of thelatitudes and less makes it through mode and intermediate
diazotroph loss rates. In the theory we assume that the diwater supply to the lower latitudes (see e.g. Sarmienta et al
azotrophs fix all the nitrogen that they require (though nete2004). On the other hankj-. changes less as it is dominated
that this assumption does not qualitatively change thdtegsu by the atmospheric input (which stays at pre-industrialeal
see Dutkiewicz et al., 2009), and that all nitrogen goes toin this experiment). As a consequengg. y is altered, in-
growth, such thatVy;, = upD. In steady state this implies creasing in many locations (Figs. 27a and 24b). We can sum-
that nitrogen fixation is a function of both growth rate anel th marize the subsequent changes to the province boundaries
biomass of diazotrophs, which in turn is a function of thesnet (Fig. 23b) relative to pre-industrial condition (Fig. 23a)
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— The ¢r.n > 1 area increases (blue line in Figs. 2%a
and 22b) and therefore province Il and Il expand at
the expense of province |, particularly in the Pacific
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Within provinces non-ecologically controlled nutrients
can also have large changes (e.g. DIN in province
I, Fig. 24c, and phosphate in provinces I, II, and Il

(Fig. 24b). (Fig. 24d): changes in supply, or to changes in biomass
(and thus consumption of the nutrients) leads to these
— A decrease in phytoplankton biomass in the North,At- shifts.
lantic (a consequence of reduced macronutrient supply,
which are limiting here), leads to accumulation of un-
used iron (Dutkiewicz et al., 2012). Consequent higher
horizontal gradients of iron lead to an increase in

to downstream areas and consequent large increase in
¢ren inthis region. Province IV (wher@p. vy > 1, seg®
Table 25 and Sect. 3.3) therefore increases: diazotrophs

become phosphate limited in more regions.

— We also find small decreases in the ecologically con-
trolled nutrients even within provinces (e.g. lower DIN
in provinces lll, and lower iron in provinces | and Il1).
The growth rate of all the phytoplankton is parameter-
ized to increase as temperatures warm (Eppley, 1972).
These higher growth ratg,; in Phys will lead to lower
values to which the limiting nutrient is drawn down
(Egs. 6 to 10) by 2100.

— The large increase ipr.n also leads to a reduction

in the area of province V (no diazotrophs) in the North We reinforce this latter result with an additional experi-
Atlantic ws  ment Phys-Temp, see Appendix A and Table 21) where we

allow only the growth rates to change with increasing tem-
perature to 2100 (circulation, and hence macro-nutriept su

épen > 1 (Fig. 27b). The increased supply of iron and a ply, remains as pre-industrial). We found the same decrease

small biologically driven decrease in DIN supply (due to in the ecologically controlled nutrients in all provinceias
gically PPl w0 Phys, but virtually no changes to non-ecologically controlled

_hlgher productivity, e_speC|aIIy in higher latitudes) I_ead an_ nutrients. Thus higher growth rates lead to lowet ,He&,

increasedpr.y and is enough to allow accumulation of Fe . . . — .

to Fet.. We find verv similar (thouah more severe) change N* and ambient ecologically controlled limiting nutrientgar
- ind very similar (thoug severe) 9€S 4rawn down further in this warmer world.

to the province boundaries: expansion of province Il and IlI In Hilron we find (Fig. 28) that the nutrient that is ecologi-

ngjhb?iri;(%?r:ii ?1];g|r:gstthgqu)?gggo(gilt?énzlsgéc;g(p;tvgal%lsc, cally controlled in a given province has virtually no chaiye

. : : concentration relative to the pre-industrial experiméan-
and province IV e"p?‘”d_s ‘de V shrinks (Fig. .230)' Here'trol. For example DIN and Fe do not change in regions which
though the response is similarfbys, the underlying reason

is different: decreased hiomass consuming iroRlgs vs remain in province lll. There are changes in the non-lingitin
. L . MINg IFORYS VS. non-ecologically controlled nutrient in the provinces asa
increased iron input itdilron. We also find a region in the

o w0 Sponse to increased dust (in the case of iron) or phytoplank-
N.orth P.ac;]ﬂc \f/vhereﬁF eV become Ia(rjge enou%h t?ﬁ snre- tcf)n biomass changes (in(the case of the r)nacfor?/utr?ents).
gle?i: switches from province " o l\./ (diazotrophs shift Lower DIN andPOy in the Equatorial Pacific (Fig. 28) is due

g fron limited to_phos_phz_;\te I_|m|ted).. . to the higher biomass. The biggest changes in concentsation
. The biogeographical Q|str|but|on of diazotrophs increase occur in the those regions that were within one province in
in bothPhys (17 %) andHilron (38 %) (Table 22). w5 Control and in another imdilron; for instance iron increases
most in the regions of the Pacific that were provinceCan-
trol and province Il or Ill inHilron.

In Hilron we also find an increase in regions where

4.2 Changes to nutrient concentrations

There are changes to the nutrient concentratioRhys af-
ter 100years of warming relative to pre-industrial conditions
(Control). In general the macro-nutrients (DIN and phos- |n both sensitivity studies there is also an increase inlibie-g
phate) concentrations decrease over the course of the,predly integrated nitrogen fixation rate (17% fBhys and 28%
jected 21st century, but iron has a more complex pattern ofor Hilron, Table 22). IrHilron, the increase in biogeograph-
increase and decrease (Fig. 24c—e). ical area and the increase in net excess supply of ironvelati
We can partition the nutrient concentration changes intoto the non-diazotroph needs leads to mostly higher local ni-
those that occur because the province boundaries changgpgen fixation. However some areas become phosphate lim-
and those that occur as a consequence of changes withited and have a reduction instead (e.g. areas which switch
provinces to the non-limiting, or limiting nutrients: from Province IlI to IV). But globally the net increase of Fe
supply relative to nitrate leads to enhanced nitrogen fixati
— When boundaries shift in the warming scenario, some Further sensitivity studies (see Table 21 and Appendix A)
nutrients change from being ecologically controlled to show that the situation iRhys is more complicated. In ex-
“free” (or vice versa). This can lead to large changesin perimentPhys-Temp the growth rates of all the phytoplank-
concentration (e.g Fe in Fig. 24e). ton increase as a consequence of higher temperatures (fol-

4.3 Nitrogen Fixation
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lowing Eppley, 1972) over the course of the 21st Century, The assumptions on growth, iron needs and ability to fix
but the circulation (and hence the supply of nutrients) re-nitrogen have also been made in parameterization of dia-
mained as pre-industrial. Here we find only a small increasezotrophs in many other recent marine ecosystem models (e.qg.
in diazotroph biogeography (Table 22), but a large (18 %)Coles et al., 2006; Krishnamurphy et al., 2009; Leé®@u
increase in nitrogen fixation: as they grew faster in warmeret al., 2005; including many involved in the Coupled Model
water the diazotrophs fixed more nitrogen. In the conversdntercomparison Project 5). We suggest, therefore, that ou
experiment Phys-Circ), temperatures affecting growth were framework could provide a useful tool to interpret inter-
held at pre-industrial levels, but the circulation (andde&n model differences in diazotroph distributions and chariges
macro-nutrient supply rates) changed as for the warming scefuture climate scenarios.

nario. Here, though the diazotroph regions increased (14 %) The framework suggests that diazotroph biogeography
there was no increase in global nitrogen fixation. Reductionyjj change with alterations to the supply rates of Fe and
in phosphate supply led to more areas being phosphate limp rejative to that of DIN. An increase ing.y (whether
ited, and little change in the net excess supply of phosphatenrough reduction in DIN supply or an increase in Fe sup-
relative to the non-diazotroph needs leads to lower nitmoge p|y) will lead to an increased region supporting diazotypph
fixation. Thus in the full experimerhys it is primarily the  \ve suggest that calculation @f-. in other model studies
temperature increases, not the regional increases intthazo  of climate change will be able to help explain changes in di-
phy, that led to the increase in nitrogen fixation. Globally 5ztroph distribution.
integrated results for the change in the nitrogen fixatimasrs'g The framework also suggests that the change in nitrogen
will therefore be sgnsitive tq the parametrization of phyto fixation rates will be related to the changes in diazotroph
E)(lanl_don growth W.'th changing temperature. The Changez;rowth rates and to alterations in the net excess supply of
primary production (Table 22) are also dependent on th

o o phosphate or iron relative to the non-diazotroph needs. The
temperature parameterization (see Dutkiewicz et al., 20r1.3 . .
. . ; . changes in the numerical model are also modulated by how
further discussion on primary production changes).

s temperature alters growth rates and the intensity of the-gra
ing.
Though the theoretical framework specifically uses nutri-
5 Discussion: implications and limitations entsupply ratios to predict diazotroph biogeography (pres-
ence/absence), and the nutriesofpply differences to sug-
We have demonstrated the value of resource ratio framegest nitrogen fixation rates, it does also suggest pattdrns o
work for interpreting results for tropics and subtropiosnfr ~ nutrientconcentrationsdictated from the province perspec-
complex simulations of global change scenarios. Essentialive. In particular, the model suggests that in any province
assumptions of the theoretical framework are that the diathe locally limiting nutrient will be uniformly drawn down
zotrophs grow slower than other phytoplankton and that theyto a low, subsistence concentration. Thus we do not antic-
are never nitrogen limited. The former has good empirsicalipate any correlation between nutrient concentrationsithe
support (e.g. Berman-Frank et al., 2001) and the latter isselves and diazotroph biomass or nitrogen fixation: Indeed
reasonable since they can fix the abundant nitrogen gas. Ao such correlation was found in the study of Luo et al.
third, though not essential assumption, that we make in th€2014) which looked a compilation of observed nitrogen fix-
theoretical framework is that diazotrophs require mora iro ation and observed nutrient concentrations. The theory sug
than other phytoplankton (also supported empirically, se.g gest that strong gradients of nutrient concentrations roccu
Berman-Frank et al., 2001; Kustka et al., 2003). between provinces. The theoretical predictions are censis
The results from our simulations (increase diazotroph ge{ent with the strong transitions in surface phosphate, aruh
ographic range) in both higher iron supply or a warming fixed nitrogen concentrations, as well as the distributibn o
ocean were not a priori understood without the simpler the-diazotrophs, observed along the Atlantic Meridional Tran-
oretical framework. The parameterizations in the numéfica Sect (Moore et al., 2009; Ward et al., 2103).
simulation made the same assumptions as discussed aboveThe resource supply ratio framework provides a useful
for diazotrophs growth, iron needs and ability to fix all re- tool for interpreting and synthesizing the shifts in praen
quired nitrogen. However the numerical simulation incldide boundaries, and attendant changes in these sharp nutrient
additional nutrient constraints, several diazotroph aod-n  gradients, in the climate change simulations. Local chenge
diazotroph species, grazers as well as full three dimeakion from a very low to a high concentration in the surface con-
transport and mixing. The numerical simulations were nevercentration of a particular nutrient typically reflects ansa
in steady state. However, as suggested by our previous studion away from ecological control (and visa versa). Thus
ies (e.g. Dutkiewicz et al., 2009; 2012), we find that the the-the movement of these sharp transitions in surface nutri-
oretical framework provided crucial insight into the résul ent concentrations provides a simple measure of the shift-
of the numerical model in the low latitude regions wheresli- ing province boundary. Consistently, Schlosser et al. 201
azotrophs typically occur (Luo et al., 2012). connected the observed movement of the sharp gradients be-
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tween high and low surface iron concentrations and the-internumerical model used here has fixed stoichiometry. Results
nannual changes in the aeolian iron supply in the Atlantic. with a variable stoichiometry model will certainly chanpet

We suggest that the sharp gradients in surface nutrient cordetails of the results. However, given the several orders of
centrations associated with the province boundaries gesvi  magnitude in the changes .y, we suggest that the large
a relatively simple metric by which to monitor shifts both scale results from this study will be robust. Ward et al. @201
in numerical simulations and in nature. Changes in nutrientconducted a sensitivity study to show that though the bound-
concentrations will be a much simpler measure of the skiftin aries did shift with different assumption of cellular elewtsd
boundary than the changes in the supply ratio that are actuatios, the broad scale patterns remained robust. Ceftainl
ally responsible for the shift. Provided it is applied apps0 though, a next step in this province framework is to incorpo-
priately to sharp gradients associated with actual boueslar rate variable stoichiometry.
(and not indiscriminately to any nutrient gradient) thisisi
ple metric reflects complex underlying ecological dynamics
We note that the resource ratio perspective is not likelyeto b
useful in strongly seasonal regimes.

There are additional process that may affect the changes . : .
in nutrient supply that we have not addressed, such as sIov\\fVe have applied a resource ratio framewor Ko an interpreta-
temporal shifts in dust supply, changes in aeolian deositi tion of the controls on tropical and subtropical surfaceance

of nitrate and phosphate, and changes in iron chemistfy ir{]utrients and diazo_troph b_iogeograph_y and, in pa”icm’"_“ h
a more acidic ocean (Shi et al., 2010). Itis not, in fact, rclea these may change in a series of experiments representing pro

how iron dust supply will change in the future (Mahowald cess that may oF:c.ur n afu-ture world. . .

and Luo, 2003; Tegen et al., 2004), so we have discussed here YWe outlined distinct provinces determined by the biogeog-
a hypothetical doubling iron dust deposition scenario. Wef@phy of diazotrophs and the nutrients that limit the commu-
did however also conduct a half iron deposition experirfientMity. The province boundaries are dictated by the relative
(Lolron, see Tables 21 and 22) with anticipated opposite re-SUPPly of Fe and P relative to DIN. Our sensitivity experi-
sponse. The future ocean is likely to experience a chang&'€nts suggest that the most vulnerable regions to province
in supply of both macronutrients and iron dust. We haveShifts are t_he Equatorial Pacific and the outer edge pf t.he
conducted additional studies that consider changes to botfOuth Pacific gyre, as well as the the central Atlantic, in
(Phys+Hilron, Phys+Lolron) which indicate that the two ef® particular the cent'ral North Atlantic gyre. In these region
fects can cancel or enhance each other depending on hoWe Suggest that diazotrophs may have a more favorable en-

6 Conclusions

relative supply rates change. vironment in a future world with lower macronutrient supply
We have not considered the many other changes that wilRnd/or higher iron dust supply. - _ _
certainly effect phytoplankton. Increased ocean aciditica Itis the relative change in nutrient supplies which regailat

may change cellular stoichiometry (Riebesell et al., 2607;province shifts. We find similar changes to the distribution
Finkel et al., 2010) with consequences to nitrogen fixationof the diazotrophs whether we increased iron supply or de-
(Tagliabue et al., 2011). HigheZO, appears to increase creased nitrate supply: it was the ratio of the two that was
growth rates of diazotrophs, in particul@richodesmium  important. The theory lays out nicely how the ratio of the
(Levitan et al., 2007; Hutchins et al., 2013). Such changedwtrient supply dictates the diazotroph biogeography. The
are also likely to affect diazotroph biogeography and gleba absolute changes in the net excess supply of the limiting nu-
nitrogen fixation rates in a future world. We believe that trient and the alteration to the diazotroph maximum growth
with modifications our theoretical framework will providei  rate (e.g. through increase temperature) determines ifte sh
sight into changes that will occur from other alterationgi®  in nitrogen fixation rates.
physical, chemical and grazing controls that may occur due Our analysis suggests that a potentially sensitive and pow-
to climate change. e0 erful indicator of global change is the shifting of the tran-
The theory and numerical model have additionally only sition regions in nutrient concentrations which mark the
considered autotrophic diazotrophs and not addressetkall t boundaries of the provinces. Because of this connection,
likely controls on diazotroph biogeography and nitrogen fix such changes would provide powerful inferences about com-
ation. In some regions of the ocean nitrogen fixation may beplex biogeochemical cycles from a relatively simple ob-
dominated by heterotrophic diazotrophs (e.g. South Pasificserved indicator. Resource ratio theory provides the frame
Halm et al., 2012). Symbiotic nitrogen fixers may fix more work to make such interpretations. The position of surface
than their own requirements (e.g. Foster et al., 2011). Highnutrient transitions could, perhaps, be monitored using un
oxygen may limit nitrogen fixation (e.g. Staal et al., 2007). derway instruments on ships of opportunity. A good prior
These issues have not been taken into account in this papemapping of current provinces will be important to ascertain
Recent studies have suggested the importance of vasiableefore major changes occur. The theory has indeed already
phytoplankton stoichiometry in setting patterns of diazot  been used to identify short term shifts in province bouretari
phy (Mills and Arrigo, 2010; Weber and Deutsch, 2012). The (Schlosser et al., 2013).
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Without a consistent conceptual framework, models makenitrate is consumed during remineralization of organic-mat
uncertain and often conflicting predictions. The resourceter rather than oxygen when oxygen drops below# |$to-
supply ratio framework applied here helps us to understandchiometry of denitrification follows Anderson (1995).
the results of the more complex numerical model, and pro- We resolve several non-diazotroph types of phytoplank-
vides insight to mechanisms at play in the real ocean. Weon (analogues of diatoms, coccolithophores, other lange e
suggest that the province analysis would be helpful in4dn-karyotes,Prochlorococcus, and other pico-phytoplankton),
derstanding other numerical models (e.g. those used in thas well as two diazotroph types (analogue$radhodesmium
IPCC) and a helpful tool in understanding the differences inand unicellular types, following Monteiro et al., 2010).€Fh
responses between models. An understanding of the controksre two grazers classes. The biogeochemical and biologi-
on distinct ecological and biogeographical provinces will cal tracers are transported and mixed by the climate system
help us anticipate changes and understand observed change®del, and interact through the formation, transformation
in a future warmer world. and remineralization of organic matter. Excretion and mor-

tality transfer living organic material into sinking paxiate
and dissolved organic detritus which are respired back-to in
Appendix A Additional numerical model description organic form.
760 The ecosystem model is quasi-spunup (240+s) with
The MIT Integrated Global Systems Model (IGSM) pre-industrial (1860) physical conditions and aeoliamiro
(Dutkiewicz et al., 2005; Scott et al., 2008; Sokolov et al., dyst supply (Luo et al., 2008). From this initial conditione

2009; Dutkiewicz et al., 2013) has a three dimensional ocearonduct a series of experiments (Table 21) (similar to those
circulation component (MITgecm, Marshall et al., 1997) em- jn putkiewicz et al., 2013):

bedded in it. In this study the ocean has horizontal resolu-

tion of 2° x 2.5° and 22 vertical levels ranging from 1@ 1. Control. For another 24@ears we use pre-industrial

in the surface to 50 at depth. Ocean boundary layer (1860) physical conditions and aeolian iron dust supply
physics is parameterized using the KPP formulation (Large (Luo et al., 2008).

et al., 1994) and the effects of mesoscale eddies, not cap-

tured at this coarse resolution, is parameterized (Gent and 2. Phys. For 240years the system is perturbed with
McWilliams, 1990). The carbon cycle in these simulations is changes to the physical ocean (temperature, circulation

parameterized as in Dutkiewicz et al. (2005). 770 and mixing) as a result of increasing greenhouse gases
The coupled system is spun up for 26@@rs (using 1860 in the “business as usual” described above. Iron dust
conditions) before simulating 1860 to 2100 changes. Atmo-  supplies are maintained at pre-industrial values (Luo

spheric greenhouse gas and volcanic observations are spec- et al., 2008).

ified from 1860 to 2000; for the 21st century we use hu- ) . )

man emissions for a “business and usual” scenario that is 3 Hilron. For 240years the model is run with dust depo-
projected by an economics module (Sokolov et al., 2009). smon.doubled frompre—mdustrlal,.b_ut the physical state
This scenario is constructed under the assumption that no  'émains as for pre-industrial conditions (agJontrol).

climate policies are imposed over the 21st century, and . .
is similar to the Representative Concentration Pathways 4 P'hysr'l"emp. For 240Qyears the system'ls perturbed with
biological rates that change according to temperatures

8.5 (RCP8.5) used in the Coupled Model Intercomparison o , . . !
Project 5 (CMIP5). frqm the “business as usual_ scenario, t_)ut C|rc_ulat|on,
We use the physical ocean fields from the IGSM simtiia- mixing and dust supply remain as for pre-industrial con-
. ) . . ditions.
tion to drive an ocean biogeochemistry and ecosystem model
(see Dutkiewicz et al., 2009, 2012, 2013; Hickman et al.,
2010 for full description and parameter values). Different
from our earlier studies, this model includes explicit trea
ment of Chlorophyll such that the Chl: C ratio is dynag;sic
following Geider et al. (1998). Phytoplankton growth rage i
afunction of the Chl: C, temperature, lightand nutrienilava g phys+ Hilron. As for Phys, but with doubled iron depo-
ability (Geider et al., 1998) as done in Hickman et al. (2010) sition rates.
Iron chemistry includes explicit complexation with an or-
ganic ligand, scavenging by particles (Parekh et al., 2005) 7. Lolron. For 240year the model is run with dust de-
and representation of aeolian (Luo et al., 2008) and sedimen position halved from pre-industrial, but physical state

tary (Elrod et al., 2004) sources. Nitrogen fixation is teela, remain for pre-industrial conditions.
as in Monteiro et al. (2010) and Dutkiewicz et al. (2012).

However an improvement over those studies is inclusion of 8. Phys+Lolron. As for Phys, but with half iron deposition
explicit water column denitrification parameterized suwdt t rates.

5. Phys-Circ. For 240years the system is perturbed with
circulation and mixing changing for the “business as
usual” scenario, but the temperatures affecting biolog-
ical rates remain as for pre-industrial conditions.
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The results discussed in this article all come from the lastWard et al. (2013) for a more detailed theoretical desaniipti
5years of these simulations — in the caseRifys this would  of these provinces.

be equivalent to the calendar years 2095-2100. _ _
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Table 24. Theoretical framework.

Equations #
dB . N P Fe
dat T MBmln(NJrnNB’P+/¢PB’Fe+chB)B_mBB 1
W= o min(m:pp ’ Fe+»Fsi~eD)D_mDD 2
dN __ : N P Fe
dat T _‘uBmln(N+l€NB’P+'€PB7F6+'€FEB)B
+In —On 3
dpP __ 3 N P F
dat —HB MmN (N+NNB 'P+rpp’ Fe+r€eFeB ) Rpp B
—pomin (s meht ) e, D
+Ip—Op 4
dFe __ 3 N P F
a¢ — T pHsmin (N+KNB 'P+rpp’ Fe+r€eFeB ) Rxrep B
—pBpmin ( P+:PD ) Fe+l;iaeD ) Rnrep D
+IFe - OFe 5
Equilibrium Solutions
Ng =  ZNB™B when Bis N limited 6
HB—MB
Py=  ZEBTB when Bis P limited 7
“B—MB
Fey =  ZEeB™B when B is Fe limited 8
HUB—mMB
Ph=  ZER™D \when D is P limited 9
KD —mD
Fegy,=  ZE£<D™D \when D is Fe limited 10
KD —mMD
D* m(([p—OP)—RNPB(IN—ON))
when D limited by P 11
D* = m((IFC_OFC)_RNFCB(IN_ON))
when D limited by Fe 12

Table 25. Theoretical Provinces.

These descriptions of the

Fig. 21. Observations and Model over top B0 (a) World Ocean
Atlas (Garcia et al., 2006) annual mean nitraten{olm—3); (b)
model pre-industrial annual mean nitrai@rfiolm—3); (c) com-
posite of all iron measurement in top B0 (nmolm—3) from

provinces come from the framework outlined in Table 24. No entry compilation of Tagliabue et al. (2012Jd) model pre-industrial
means there is no theoretical solution.

annual mean ironngmolm™2); (e) composite of all diazotroph

I I i v v Vi biomass measuremenogmgCm~3) from compilation of Luo
ecosystem et al. (2012); (f) model pre-industrial annual mean diazotroph
diazotrophs no no yes  yes no no biomass IogmgCm™3). Note that composites i(c) and (e) are
limiting diaz - — Fe PO, - made with all available data without regard to date, so do not repre-
limiting non-diaz  Fe N N N N p  sentannual mean.
nutrient control
N - N3 Ng  Ng N5 -

P - - - R >P5 R
<PH
Fe Fgs >Feg, Fepy - - -
< Fep
supply ratio
oPN - >1 >1 >1 >1 <1
QFeN <1l >1 >1 >1 >1 -
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a) Control a) Control

Fig. 22. Nitrogen Fixation ratesl¢ggNm™2yr~—', annual aver- I I I v v Vi

age) for(a) pre-industrial conditions (experime@ontrol); (b) 2100

conditions if physical fields, including ocean temperatures changq:ig_ 23. Subtropicalitropical provinces in the numerical model,
in a business as usual emission scenario but with pre-industrial iroRefined only by whether diazotrophs and non-diazotrophs co-exist
dust supply (experimerithys); (c) conditions if physical fields re- 4 py which nutrient limits the phytoplankton (first three lines of
main as if for pre-industrial, but iron dust supply is doubled (ex- Taple 25) for(a) pre-industrial conditions (experime®@ontrol);
perimentHilron). Dashe_d blue Ilqe bounds regions where both (b) Phys at 2100;(c) Hilron. Note unshaded regions (except for
¢pN >1andgr.n >1 (discussed in Section 3.3). Black contours  \egiterranean which is not resolved in this setup) did not fit into

indicate the province boundaries in Fig. 23. Black line in Pacific the 6 province categories. Black line in Pacific indicates the tran-
indicates the transect show in Figs. 24 and 28. sect show in Figs. 24 and 28.
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Fig. 24. Model output from Pacific transect shown in Fig. 4a) _ _ _ _
dren for control simulation;(b) ¢r.n for Phys simulation with ~ Fig. 25. (a, b)Nutrient supply ratios (log unitless, annual average)
Changes from a Warming scenario at ZlQQ‘D|N (mmolme); into the surface 10t of the numerical model for pre-industl‘ial

(d) PO4 (mmolm™3); (e)iron (umolm™3). Vertical lines indicate  conditions (experimenContral). (a) ¢pn = ﬁ and (b)
B

province boundar!es_ as dete_rmlned only 'by presence or absence fFEN — Tk« Dashed blue line bounds regions where both
diazotrophs, and limiting nutrient(s). Province are labeled (1, II, Il1). BNFegly ) o ]
Black line indicate results fror@ontrol, and blue lines fronPhys. ¢pn >1landgr.n > 1in (a). Black contours indicate the province

boundaries in Fig. 23a. Black line in Pacific indicates the transect
show in Figs. 24 and 28c) Brown shaded region indicates where
both¢pn > 1 and¢ren > 1, minimum conditions needed to sup-
port diazotrophs. Black contour indicates region which do have di-
azotrophs (compare to Fig. 21f).
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a) provinces

Pon

a) Phys (2100)

b) Hilron

’ " o~
3 -

diff P N

ig. 27.Iron to nitrogen supply ratiagpreny = RN;# (log unit-

ss, annual averagég) 2100 conditions if physical fields, includ-

ing ocean temperatures change in a business as usual emission sce-
nario but with pre-industrial iron dust supply (experimBhys); (b)
conditions if physical fields remain as for pre-industrial, but iron
dust supply is doubled (experimeHtiron). Black contours indi-

Fig. 26. Scatter plots for pre-industrial conditions (experim@ob-  cate the province boundaries in Fig. 23b and c. Dashed blue line

trol). Each model grid cell is plotted as function of its annual av- pounds regions where bottpy > 1 andér.n > 1 in each experi-
eraged (a—d) supply rate ratig-.x and¢pn or (e,f) excess Fe, ment.

P supply rate{(IFe — OFe) — RNFeB (IN — ON)) and((]p — Op) —
Rnpy (In—On)). (@) Province designation in same colors as in
Figure 23 (except for VI which is colored magenta here); (b) Con-
centration of DIN in the top 100mu(); (c) phosphatey(M); (d)
iron (nM); (e) diazotroph biomasdoggCm™2); and (f) nitrogen
fixation rate {oggNm~2yr~!). Dotted lines indicate)r.n = 1
andqpr =1in (a-d) and((IFe — OFe) — RNFeB (IN — ON)) =0
and((Ip —Op) — Rnpy (In—Ox)) =0in (e,f).

diff Fe N %107
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Fig. 28. Model output from Pacific transect indicated in Fig. 23)

¢ren for control simulation(b) ¢r.n for Hilron simulation with
changes from a warming scenario at 210£);DIN (mmolm~3);

(d) PO4 (mmolm™3); (e)iron (umolm™2). Vertical line indicate
province boundaries as determined only by presence or absence of
diazotrophs, and limiting nutrient(s). Province labeled (I, II, II).
Black line indicate results fror@ontrol, and red lines frontilron.

that inHilron the whole transect is Province Il (see Fig. 3c)

17



