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Abstract. Treatment of the underwater light field in ocean biogeochemical models has been attracting increasing interest, with
some models moving towards more complex parameterisations. A simple test of the sensitivity of a typical, highly simplified
parameterisation, to adjustment of the phytoplankton light attenuation parameter using both steady-state and future projections
reveals a range of values to which the model primary production is relatively insensitive in steady-state but to which it becomes
5

increasingly sensitive under climate forcing. Parameter value choice can determine the magnitude and sign of global net
primary production trends in a high CO2 forcing scenario. Ocean oxygen is particularly sensitive to parameter choice. With
climate forcing, two simulations establish a strong biogeochemical feedback between the Southern Ocean and low latitude
Pacific that highlights the potential for regional teleconnection and serves as a reminder that shifts in fundamental properties
(e.g., light attenuation by phytoplankton) over deep time have the potential to alter biogeochemical climate.
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1

Introduction

Treatment of marine light availability for photosynthesis in biogeochemical compartments of ocean general circulation models (OGCMs) has largely avoided careful scrutiny until recently (e.g., Dutkiewicz et al. 2015; Kim et al. 2015; Gregg and
Rousseaux 2016). These models typically use simplified, empirically-based parameterisations of phytoplankton growth rates
related to photosynthetically available radiation (PAR) based on the state of the science in the 1970s and 1980s. The OGCM in
15

the University of Victoria Earth System Climate Model (UVic ESCM; Weaver et al. 2001; Eby et al. 2009) is one example. In
it, the irradiance (I) at each depth level is calculated as (Schmittner et al., 2005; Kirk, 1983):
I = Iz=0 PARexp(−kw z̃ − kc

Zz̃
0

(P + Diaz)dz) · [1 + ai (exp(−ki (hi + hs )) − 1)]

(1)

where PAR stands for photosynthetically available radiation, kw , kc , and ki are light attenuation coefficients for water, phytoplankton (diazotrophs and general phytoplankton), and ice, z̃ is the effective vertical coordinate, ai is the fractional sea ice
20

cover, and hi and hs are calculated sea ice and snow cover thicknesses. Phytoplankton concentration (P and Diaz) is expressed in a base unit of mmol N m−3 . Light attenuation coefficients kw and ki have the unit of m−1 , but light attenuation by
phytoplankton is dependent on phytoplankton concentration (Kirk, 1975) and kc is expressed in units of (m mmol N m−3 )−1 .
1
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However, kc cannot be considered to represent the light attenuation of phytoplankton only, but also represents the attenuation
of constituents that are assumed to covary with phytoplankton (i.e., particulate and dissolved inorganic and organic materials).
Light attenuation coefficients are classified as apparent optical properties (AOP) because they represent the combined effect
of the inherent optical properties (IOP) of the medium (e.g., seawater or phytoplankton cells) and the optical properties of the
5

radiation field (see Kirk, 1983; Falkowski and Woodhead, 1992, and associated references). While it was recognized early on
that a rigorous description of the spectral composition of the underwater light field must separate effects of IOP from the radiation field, early measurements emphasised AOP because of technological limitations as well as for a lack of data resolving the
IOP of seawater constituents (Kirk, 1983). Research into the IOP of these constituents has since benefitted from continuously
improving analytical tools including satellite remote sensing, whose algorithms depend on their resolution (Sathyendranath and
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Platt, 2007). Phytoplankton IOP are species-specific (e.g., Stramski et al., 2001). Of the major seawater constituents, non-algal
particles contribute the most to light scattering and attenuation, and picoplankton are the primary phytoplankton light absorbers
(Stramski et al., 2001; Fujii et al., 2007), though their contribution to absorption is possibly exceeded by coloured dissolved
organic matter (CDOM) (Siegel et al., 2005; Fujii et al., 2007).
Recent work has highlighted what we potentially lose in our OGCMs, and hence our earth system models (ESMs) as well,

15

by neglecting explicit radiative transfer and IOP. Decomposing the calculation of underwater irradiance into IOP, resolving a
variable number of radiative wavebands, and then testing three parameterisations of light limitation of phytoplankton growth
in a one dimensional ecosystem model comparable to observational data show a model resolving multiple wavebands and a
spectral sensitivity in photosynthesis outperformed a simple parameterisation (Kettle and Merchant, 2008) similar to Equation
1. Choice in parameterisation of spectral resolution can contribute percentage errors of up to 200% (Kettle and Merchant, 2008).

20

Not including a radiative transfer model in an OGCM can reduce global nitrate by 33% and chlorophyll by 24%, and bring about
large changes in phytoplankton biogeography, even when there is no change in total irradiance (Gregg and Rousseaux, 2016).
Dutkiewicz et al. (2015) offer the most complicated model analysis, and demonstrate explicitly resolving radiative transfer and
the IOP of phytoplankton types, detritus, and CDOM in a three-dimensional ocean model can improve model performance
against observational data. Their sensitivity analysis demonstrates complex feedbacks between light, phytoplankton attributes,

25

and biogeochemistry (Dutkiewicz et al., 2015).
Explicit radiative transfer and fully resolved IOP add computational expense to already expensive ESMs. Since empiricallybased AOP parameterisations are still widely used and economical, it is useful to test their limitations and sensitivities. Including light attenuation by phytoplankton in an OGCM amplifies the seasonal cycle of temperature, mixed layer depth and ice
cover by about 10% over neglecting it altogether (Manizza et al., 2005). Gnanadesikan and Anderson (2009) find the inclusion

30

of light attenuation by chlorophyll in an OGCM alters physical water mass characteristics including a decrease in subsurface
temperatures by over 2°C in the low latitudes. Kim et al. (2015) explore the biogeochemical consequences of differentiating
light attenuation by CDOM and non-algal particles from that of chlorophyll in an ESM and find these components increased
surface phytoplankton biomass by reducing levels of light at depth, which reduced deeper production and made more nutrients
available at the surface. Two model simulations with-and-without CDOM and non-algal particle light attenuation differ by

35

9% in the global average biomass and 7% in the global carbon export flux at 200 meters depth (Kim et al., 2015). These are
2
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modest changes with respect to other production and export parameters (e.g., remineralisation depth, Kwon et al. 2009), though
regional sensitivities are stronger (Kim et al., 2015).
All of the studies mentioned above make their comparisons using models at steady-state. Dutkiewicz et al. (2015) highlighted
the potential for complex feedbacks arising due to model treatment of light and optical properties, therefore it stands to reason
5

such feedbacks may compound under climate change. A recent bug fix in the implementation of Equation 1 in the UVic
ESCM prompted a hasty steady-state model re-evaluation, which then led to our more thorough assessment including climate
change. Future implementation of a more complex radiative transfer and phytoplankton IOP model may be justified based on
the conclusions of the authors above (e.g., Dutkiewicz et al., 2015), however the UVic ESCM (and other models of similar
structure) is widely used in its current form and it is therefore worthwhile to assess and report on its current sensitivities.

10

2 Methods
The University of Victoria Earth System Climate Model (UVic ESCM, Weaver et al. 2001, Eby et al. 2009) version 2.9 is a
coarse-resolution (1.8 ◦ × 3.6 ◦ × 19 ocean depth layers) ocean-atmosphere-biosphere-cryosphere-geosphere model. The bio-

geochemical compartment (Schmittner et al., 2005, 2008; Keller et al., 2012) is a nutrients-phytoplankton-zooplankton-detritus
(NPZD) model with two phytoplankton types (general phytoplankton and diazotrophs), one zooplankton type, and chemical
15

tracers nitrate, phosphate, dissolved inorganic carbon, alkalinity, and oxygen. The biogeochemistry is comprehensively assessed in Keller et al. (2012), however, the model has since been updated with several bug fixes and minor adjustments. Only
one of the bug fixes is relevant to our study. In previous published versions of the model, the depth was incorrectly calculated
for the light availability equation in a way that resulted in too much light in the first ocean depth level. This calculation is
corrected here.

20

Our study examines model biogeochemical sensitivity to a spread of kc values at both steady-state in a pre-industrial climate
(atmospheric CO2 concentration of 283.8 ppm), and to a climate forcing away from that equilibrium using historical atmospheric CO2 changes, agricultural, volcanic, sulphate aerosol and CFC emissions, and changes to land ice and solar forcing
applied from year 1800 to 2005 following Machida et al. (1995); Battle et al. (1996); Etheridge et al. (1996, 1998); Flückiger
et al. (1999, 2004); Ferretti et al. (2005); Meure et al. (2006). From year 2005 to 2300 the models were forced using increasing

25

CO2 concentrations and radiative forcing from all non-CO2 greenhouse gases, fractions of the land surface devoted to agricultural uses, and the direct effect of sulphate aerosols as an alteration of the surface albedo following “business-as-usual”
RCP scenario 8.5 (RCP8.5, Riahi et al., 2007; Meinshausen et al., 2011). Solar insolation at the top of the atmosphere, wind
stress, and wind fields varied seasonally (Kalnay et al., 1996), and the wind fields were geostrophically adjusted to air temperature anomalies (Weaver et al., 2001). The sediment and weathering models (Meissner et al., 2012) were not used. Model
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equilibration was achieved by integrating over 10,000 years prior to application of climate forcing.
The simplistic nature of Equation 1 makes our study highly idealised. Parameter kw represents light attenuation of water and
is fairly well-constrained to about 0.04 m−1 (Lorenzen, 1972), which is its assigned value in the model. The light attenuation
of ice parameter is not examined here. Light attenuation by phytoplankton also implicitly accounts for attenuation of light by

3
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covarying factors, with the current default model value applied to both diazotrophs and the single general phytoplankton type
(Eqn. 1). The Schmittner et al. (2008) kc value of 0.03 (m mmol N m−3 )−1 is probably derived from Fasham et al. (1990),
but was increased in Keller et al. (2012) to 0.047 (m mmol N m−3 )−1 . Light attenuation parameters are measured based on
chlorophyll (commonly Chlorophyll a) concentration but the model uses nitrogen units, necessitating the application of an as5

sumed conversion factor also implicit to kc . Early tests of kc at steady-state (e.g., Fasham et al., 1990) demonstrated low model
biomass sensitivity to parameter value choice, and this has been the prevailing wisdom of biogeochemical modellers for over
20 years. Replacing the UVic ESCM default value with a different one might result in a kc of 0.014 m2 (mg Chl a)−1 (generally
applicable, Lorenzen, 1972), 0.041 m2 (mg Chl a)−1 (Southern Ocean, Bracher and Tilzer, 2001), or a range anywhere from
0.006–0.015 m2 (mg Chl a)−1 assuming all phytoplankton represent mixes of specific species of dinoflagellates, calcifiers, or
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diatoms (Falkowski et al., 1985). However, even the simple assumption that kc varies with chlorophyll concentration can be
considered highly simplistic (Siegel et al., 2005). In practice, any value assigned to kc is going to be highly model-dependent
(e.g., 0.058 m2 (mg Chl a)−1 in Wang et al., 2008). Conversion of these kc values to nitrogen units using a recent overview of
the data (Dutkiewicz et al., 2015) yields a range of 0.008–0.054 (m mmol N m−3 )−1 (though higher values in models existEvans and Parslow 1985 used a value of 0.12 (m mmol N m−3 )−1 ). For our test, we employ eight separate simulations using

15

kc = 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, and 0.08 (m mmol N m−3 )−1 . In the following analysis, they will be referred to
as ‘K1-8’, respectively.
3

Results

3.1

Pre-industrial equilibrium

Equilibrium primary production in the UVic ESCM shows modest sensitivity to the range of kc values chosen. Figure 1 pro20

vides zonally averaged surface chlorophyll, calculated from model nitrogen units using a conversion factor of 1.59 following
Schmittner et al. (2005). SeaWiFS satellite chlorophyll data from 1997-2007 (NASA Goddard Space Flight Center, Ocean Biology Processing Group), regridded to the model grid, are also included. All simulations overestimate chlorophyll with respect
to observations in the tropics and the southern hemisphere middle latitudes, and underestimate chlorophyll at high latitudes.
Model-observation RMSE reveals best agreement between SeaWiFS and K1 chlorophyll (RMSE 0.837) and worsening agree-

25

ment with increasing kc (Fig. 1). The simulation spread is slightest between 20 and 40°, where phytoplankton biomass is low.
The Southern Ocean and tropics are the two regions where chlorophyll concentrations are most sensitive to kc value (Figs. 1
and 2). In the Southern Ocean, K1 produces zonally averaged biomass concentrations more than 5 times larger than K8 because
phytoplankton in K1 do not self-shade as strongly during the Austral summer, thereby allowing for a stronger seasonal cycle.
In the stratified tropics, the effect is opposite in that K8 yields zonally averaged biomass concentrations of up to double K1

30

because stronger self-shading inhibits deeper photosynthesis (Fig. 1), making more nutrients available at the surface (Fig. 3,
and as described previously by Kim et al. 2015).
Increasing kc values reduces average surface alkalinity (Fig. 3) by about 50 µmol kg−1 globally, a response to low latitude
increasing surface primary production rates (including a stronger carbonate pump) with higher kc values. Deep ocean alkalinity
4
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is less sensitive to kc value, though the average deep Pacific also shows a range of about 50 µmol kg−1 and the Southern Ocean
varies by about 25 µmol kg−1 . Deep ocean DIC, however, is more sensitive to choice of kc value (Fig. 3). K4-K8 DIC ranges in
basin averages less than 30 µmol kg−1 but sensitivity increases at lower kc values. K1 deep DIC values are about 40 µmol kg−1
higher in the global average, Pacific, and Southern Ocean basins than K2. These higher deep DIC values are a consequence
5

of higher surface primary production in the high latitudes owing to a weaker self-shading effect, which increase carbon and
nutrient export to the deep ocean. Phosphate and nitrate basin-averaged profiles show a range of values generally proportionate
to the range in DIC, with drivers of the differences being the same (lower kc values yield higher surface production, lower
surface nutrients, and higher deep ocean nutrients, Fig. 3). Likewise, deep ocean oxygen is lower for lower kc values (more
deep ocean remineralisation), Fig. 3. The global average deep ocean oxygen concentration has a range of about 100 mmol

10

m−3 , which is about half of the average deep ocean content. The Southern Ocean and Pacific show similar oxygen sensitivity.
Which kc value performs the “best” with respect to biogeochemical observations is not quantified here, but generally K4
and above perform better in the deep ocean than K1-K3. Observations included in Figure 3 are from the World Ocean Atlas
climatology (Garcia et al., 2010a, b) and GLODAP (Key et al., 2004).
3.2

15

RCP 8.5 transient simulation

Figure 4 plots the increase in atmospheric CO2 concentration from 283.8 ppm to 1962 ppm over the course of the transient
integration. The physical response is the same across all simulation configurations and closely follows that described in Kvale
et al. (2015). Zonally averaged ocean surface temperatures rise by as much as 10°C, global maximum meridional overturning
reduces from 20 to 9 Sverdrups (not shown), and widespread near-surface stratification occurs (Fig. 4). The phytoplankton
and zooplankton respond to surface warming by increasing metabolic rates, and microbial fast recycling in the near-surface

20

increases (Kvale et al., 2015). Stratification reduces the availability of nutrients in the near-surface. The global response in net
primary production (NPP) until about the year 2100 depends on the simulation, with K1-K6 showing a decline, and K7 and
K8 showing no change and an increase in NPP, respectively. After about year 2100, global NPP in K4-K8 increases linearly,
while global NPP increases at a declining rate in K1-K3.
Before about the year 2100, physical limitation of nutrients is the dominant driver of changes in global NPP (Kvale et al.,

25

2015). Declining global NPP in the simulations with relatively weaker self-shading (K1-K6) is a result of increasingly oligotrophic conditions in the low latitudes and the northern hemisphere, where these simulations had relatively lower pre-industrial
near-surface nutrient concentrations owing to deeper primary production. Relatively lower starting concentrations causes the
biology in these simulations to be relatively more sensitive to an increase in stratification. Figure 5 repeats Figure 1 for years
2100 and 2300 and shows a decline in biomass in both of these regions for these simulations. These declines are not offset

30

by increasing biomass in the Southern Ocean, which is driven by regional increasing temperature, wind-driven overturning,
and nutrient remineralisation (Kvale et al., 2015). The pre-2100 increase in global NPP in K8 is due primarily to increasing
biomass north of 60°N and modest increases in biomass in the low latitudes (Fig. 5). Biomass in K7 and K8 is relatively less
sensitive to increasing stratification because their high kc values limit primary production to the very near-surface, thereby

5
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raising surface nutrient concentrations and allowing the phytoplankton to be less reliant on resupply of nutrients from deeper
waters.
After about year 2100, physical limitation of nutrients becomes a less important driver of changes in global NPP than
temperature-enhanced biological processes (Kvale et al., 2015). Increasing global NPP in all simulations is dominated by
5

increasing biomass in the Southern Ocean, though biomass also increases modestly in the low latitudes for K3-K8 (Fig. 5).
The drivers of change in NPP in the Southern Ocean are the same as those mentioned earlier, with alleviation of light and
temperature limitations increasing production rates. Declines in northern hemisphere NPP do not offset the Southern Ocean
increases, however the three simulations with the weakest self-shading (K1-K3) also show declining rates of global NPP
increase due in part to declines in the northern hemisphere NPP.

10

Model spread in biomass and NPP response generally increases with radiative forcing. Change in global NPP differs by about
2.5 Pg C y−1 by 2100 (more than 100% of the total change in NPP at 2100 for all simulations) and kc parameter choice can
determine the sign of the change. This is true even if only considering the kc parameters offering the better fits to pre-industrial
nutrient and carbon observations (K4-K8). By 2300 this spread has increased to about 7 Pg C y−1 across all simulations, and
4 Pg C y−1 between K4 and K8. Differences in simulated response in Southern Ocean chlorophyll are the most remarkable,

15

with K1 having an average chlorophyll concentration at 60°S of over 2 mg m−3 higher than K8 at 2100 (a concentration more
than four times higher than K8) that has increased to a difference of almost 2.5 mg m−3 higher by 2300.
The biogeochemical consequences of kc parameter choice at years 2100 and 2300 are shown for major ocean basins in Figures 6 and 7. Unsurprisingly for the time period considered, most basins and biogeochemical quantities retain the pre-industrial
spread in average basin profiles when increasing CO2 forcing. The prime exceptions are the abyssal Southern Ocean, which

20

displays modestly increasing simulation spread with time in all biogeochemical quantities below about 4000 meters, and oxygen throughout the Southern Ocean. Models K1-K3 are principally responsible for the simulation divergence in these regions,
while higher kc parameter choices respond more uniformly. Map views of surface and near-surface simulated spread (K1-K8)
better reflect trends at hundred-year timescales (Fig. 7). For all biogeochemical quantities, simulated spread at the surface
increases with time. K1 has generally lower pre-industrial NPP than K8 that also increases less over the transient simulation,

25

therefore surface alkalinity and DIC rise faster in K1, with large parts of the low latitudes showing a difference exceeding 70
µmol kg−1 alkalinity and 60 µmol kg−1 DIC by 2300. Surface phosphate and nitrate concentrations remain generally higher
in K8 than in K1 throughout the transient simulation as a result of the shallower and greater NPP. Model surface spread in the
Southern Ocean increases by about 0.2 mmol P m−3 and 2 mmol N m−3 between 2100 and 2300. The difference between K1
and K8 Southern Ocean oxygen at 300 meters is up to 100 mmol m−3 by 2100, but by 2300 that difference has grown to a

30

maximum of 160 mmol m−3 . All simulations experience a loss in oxygen due to warming and increasing remineralisation, but
K1 and K2 additionally experience denitrification in the Southern Ocean (not shown) as a result of very high primary production in the region and already lower oxygen concentrations at steady-state. This denitrification establishes a nutrient feedback
with the low latitude Pacific that reduces Southern Ocean oxygen further (Fig. 8), thus producing a strong regional decline in
oxygen despite K1 and K2 showing weaker global NPP trends than the other simulations. The feedback starts with increased

35

stratification in the low-latitude Pacific, which limits nitrate availability for local primary production. As a result, more phos6
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phate begins to advect into the Southern Ocean, where it fertilizes phytoplankton growth. Warming seawater increases both
primary production and remineralisation rates. Phytoplankton in K1 and K2 are only weakly inhibited by self-shading, and the
resulting large increases in primary production leads to the consumption of enough oxygen that denitrification establishes in
the Southern Ocean. Denitrification reduces the flow of nitrate in intermediate water back into the low latitude Pacific, which
5

becomes even more nitrate-limited.
4

Discussion

Our results show choice of kc value for our model matters little for primary production in equilibrium tests within a range above
0.04 (m mmol N m−3 )−1 . Primary production sensitivity increases with lower kc values, with reduced shading sensitivity
allowing for a stronger seasonal cycle in the high latitudes, producing higher carbon and nutrient export. Equilibrium deep
10

ocean oxygen is particularly sensitive to the application of kc values between 0.01 and 0.03 (m mmol N m−3 )−1 .
Model spread increases in our transient simulations, and kc parameter choice can determine the sign as well as the magnitude
of the global NPP response. Substantial differences in model behaviour occur even within the kc range shown insensitive in
equilibrium tests, and within the range performing best with respect to pre-industrial biogeochemical observations. That this is
true is a general reminder of the potential omission of important tuning information when focusing only on steady-state mod-
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els. These differences in model behaviour have biogeochemical consequences below the surface, with oxygen again showing
particular sensitivity to parameter choice. A nutrient exchange feedback establishes in the two lowest kc value simulations,
substantially reducing Southern Ocean oxygen concentrations. While these two simulations performed less favourably with
respect to gridded nutrient observations in a pre-industrial comparison and might therefore be considered less reliable representations of the modern ocean, they performed best against SeaWiFS chlorophyll data, which might point to needed additional

20

export or remineralisation parameter adjustments to tune the deep ocean. It is worth noting this feedback occurs because: 1) it
highlights the potential for strong biogeochemical teleconnection between the Southern Ocean and the low latitude Pacific, and
2) both light attenuation characteristics of dominant phytoplankton and ocean oxygen volatility have changed over geologic
timescales (e.g., Katz et al., 2004; Lenton et al., 2014). A recent model study by Meyer et al. (2016) explored the sensitivity of
oxygen to e-folding depth of remineralisation and total phosphate inventory and hypothesized an increase in remineralisation

25

depth has occurred over the Phanerozoic alongside a stabilisation of ocean oxygen inventory. Our tests demonstrate another
potential mechanism (evolutionary increase in light attenuation characteristics by dominant phytoplankton) for the increase in
ocean oxygen inventory in steady-state conditions as well as stabilisation of oxygen under rapid climate change.
5

Conclusions

The typical, highly simplistic parameterisations of underwater light availability used in climate and ocean models to calculate
30

primary production and associated chemistry (alkalinity, DIC, nitrate, phosphate, and oxygen) contain substantial sensitivity
to light attenuation parameter. This applies both in steady-state and when using forced biogeochemistry for the range of val-
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ues tested here. This sensitivity can grow with climate forcing as complex biogeochemical feedbacks develop, with primary
production and ocean oxygen being especially susceptible to parameter choice. Our study highlights the need to assess biogeochemical models under transient as well as equilibrium conditions. In addition, the biogeochemical feedback we describe
in two of our transient tests also serves as a reminder that even seemingly small events, like the emergence of shell-secreting
5

phytoplankton, could have potentially large biogeochemical consequences just by altering the light field.
6
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Figure 1. Anually averaged pre-industrial surface chlorophyll concentration (left), and chlorophyll concentration with depth (right).
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Figure 2. Anually averaged pre-industrial surface chlorophyll concentration difference between K1 and K8.
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Figure 3. Steady-state biogeochemical tracer profiles averaged by ocean basin for all simulations and observations.
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Figure 4. Atmospheric CO2 concentration forcing of all simulations (top left). Zonally averaged change in sea surface temperature in all
simulations (top right). Change in global average density gradient with depth in all simulations (bottom left). Change in globally integrated
net primary production in all simulations (bottom right).
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Figure 5. Anually averaged surface chlorophyll concentration at years 2100 (solid lines) and 2300 (dashed lines).
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Figure 6. Biogeochemical tracer profiles averaged by ocean basin for all simulations at years 2100 (solid lines) and 2300 (dashed lines).

17

Biogeosciences Discuss., doi:10.5194/bg-2017-118, 2017
Manuscript under review for journal Biogeosciences
Discussion started: 13 April 2017
c Author(s) 2017. CC-BY 3.0 License.

Figure 7. Anually averaged years 2100 and 2300 surface chemical concentration differences between K1 and K8. Oxygen differences are
calculated at 300 meters depth.
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Figure 8. K1 and K2 feedback schematic in Southern Ocean and low latitude Pacific nutrients. Increases with climate change are represented
in bold font. Decreases with climate change are represented in italic font. Regular font indicates little or no change with climate forcing.
Bold arrows indicate the dominant factor influencing change in NPP. Dashed arrows indicate the secondary factor influencing change in NPP.
Nutrient feedback between regions is shown in coloured arrows.
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