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A B S T R A C T   

Understanding the driving mechanism of phytoplankton dynamics is key to forecasting future changes in the 
ocean. Here, we report an apparent “trapezoidal” relationship between chlorophyll concentrations (Chl) and 
surface photosynthetically available radiation (PAR(0)) at the center of the South Pacific Gyre (cSPG) based on 
18 years of MODIS Aqua measurements. A comparison of Chl with a photoacclimation model revealed that 
photoacclimation alone could not explain the temporal dynamics of Chl. Instead, the Chl dynamics were 
explained by a combination of photoacclimation, nutrient limitation, and the grazing pressure of zooplankton at 
different times throughout the year. An annual “trapezoidal” spiral relationship between Chl and PAR(0) sug
gested that the steady state of phytoplankton populations at the cSPG could be influenced by the alternation of 
co-regulation mechanisms during a year. Because this same pattern occurs in other subtropical gyres, this un
derstanding of the underlying mechanisms not only facilitates simulating and forecasting phytoplankton dy
namics but also provides a new perspective on how multiple stressors may impact phytoplankton communities in 
a warmer climate.   

1. Introduction 

The abundance of phytoplankton (commonly quantified in terms of 
chlorophyll concentration, Chl) and their physiological characteristics 
are strongly affected by a variety of factors (e.g., light, mixing, and 
grazing pressure from zooplankton) (Behrenfeld et al., 2016; Boyce 
et al., 2017; McClain, 2009). Previous studies of phytoplankton dy
namics have focused on statistical relationships between Chl and the 
physicochemical and biological characteristics of large- and meso- scale 
water masses (Cara et al., 2005; Dandonneau et al., 2003; Doney et al., 
2003; Dufois et al., 2016; Signorini et al., 2015). These earlier studies 
have primarily been based on the assumption of steady state (Laws et al., 
2000; Plattner, 2005). However, Beninca et al. (2008) have reported the 
importance of non-steady state dynamics in marine ecology. Though 
these terms have been used in the context of culture systems, they are 
still broad concepts in ecology (Harris, 1988; Pahl-Wostl, 1995). In 
general, a “steady state” reflects complex relationships between various 
controlling factors and phytoplankton, resulting in steady growth 
balanced by their removal so that the phytoplankton community 

remains constant over time (Rojo & Álvarez-Cobelas, 2003). A “non- 
steady state” condition, in contrast, refers to a dynamic scenario where 
multiple nested and interacting processes undergo alternating changes 
that lead to fluctuations of the phytoplankton community over time 
(Beninca et al., 2008; Naselli-Flores et al., 2003). The different charac
teristics of steady state and non-steady state dynamics lead to uncer
tainty in the mechanisms that drive phytoplankton dynamics, and that 
uncertainty confounds predictions of future trends. 

Previous ocean studies based on the non-steady state assumption 
have mostly focused on the destabilized ecosystems, which included 
large perturbations that, such as blooms or typhoons (Boss & Behrenfeld, 
2010; Xiu & Chai, 2021). These have been mostly short-term, event- 
based process studies with prominent spatiotemporal heterogeneity. 
Because of the complexity of water-mass interactions in the ocean, there 
have been few studies based on the non-steady state assumption in 
oligotrophic waters. Studying the steady state and non-steady state dy
namics of phytoplankton requires documenting temporal dynamics in a 
particular water mass over a long time (Wu & Loucks, 1995). Such a 
water mass should be seldom perturbed by interactions with external 
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water masses, and the research methodology should involve observing 
the phytoplankton dynamics over a long period. To meet this require
ment, we focused on the surface layer at the center of the South Pacific 
Gyre (cSPG) (see Fig. 1a), which is a mode water and is nearly vertically 
homogeneous in the upper water column (Talley, 1999). It is influenced 
very little by interactions with external water masses and allochthonous 
inputs (McClain et al., 2004; Middleton & Kang, 2017; Zehr & Capone, 
2020; Zhang et al., 2015). The waters of the cSPG are very clear 
(Claustre et al., 2008), and the phytoplankton Chl dynamics has been 
assumed driven by photoacclimation (Behrenfeld et al., 2016) without 
the influence of external factors, such as land runoff or cultural eutro
phication. Because of the remoteness of this unique water mass, we 
made observations via satellite remote sensing to meet the requirements 
for long-term consistency in our study of Chl dynamics in the cSPG. 

We therefore used data from satellite ocean color remote sensing 
along with a photoacclimation model to evaluate the underlying 
mechanisms that drive phytoplankton Chl dynamics in the cSPG. We 
hypothesized that the seasonal variation of Chl in the cSPG was a dy
namic steady state regulated not solely by photoacclimation but rather a 
complex process. We found that co-regulation by different processes 
drove Chl dynamics during different periods of the year in the cSPG. 
Moreover, a long-term “trapezoidal” relationship between Chl and PAR 
(0) implied that phytoplankton may be influenced by the alternation of 
co-regulation mechanisms throughout the year. Further, we extended 
the analyses to other subtropical gyres and observed the same causative 
mechanisms. The results of this study help to explain the temporal dy
namics of phytoplankton in such water masses. 

2. Data and methods 

2.1. Data source 

Standard Level 3 products of Chl, PAR(0), diffuse attenuation coef

ficient at 490 nm (Kd(490)), particle backscattering coefficient at 443 
nm (bbp(443)), and sea-surface temperature (SST) for the area bounded 
by 23–28◦ S and 115–120◦ W (see the red box in Fig. 1a) derived from 
the MODerate resolution Imaging Spectroradiometer on the Aqua sat
ellite (MODIS Aqua) were downloaded from the National Aeronautics 
and Space Administration (NASA) Ocean Biology Processing Group. The 
area includes the most oligotrophic waters of the global ocean (26◦ S, 
115◦ W) (Claustre et al., 2008). Whereas different algorithms have been 
used to generate the aforementioned satellite products, for consistency 
with the photoacclimation model developed by Behrenfeld et al. (2016), 
Chl was derived with the Ocean Color Index (OCI) algorithm (Hu et al., 
2012), bbp(443) by the Garver-Siegel-Maritorena algorithm (bGSM

bp443) 
(Maritorena et al., 2002), and Kd(490) by the 490–547 band ratio al
gorithm (Austin & Petzold, 1981; Werdell & Bailey, 2005). Following 
Morel et al. (2007) and Behrenfeld et al. (2016), the diffuse attenuation 
coefficient for PAR (KPAR) was calculated from Kd(490), and Cph 
(phytoplankton carbon) was estimated based on bGSM

bp443 as in Behrenfeld 
et al. (2005) and Westberry et al. (2008). The spatial resolution of these 
data is 9 km, with a temporal resolution of 8 days for the period from 
July 2002 to December 2020. Daylength (in hours) was calculated as a 
function of date and latitude following Kirk (1983) and was used to 
convert the daily PAR(0) product to hourly PAR(0) (mol photons m− 2 

h− 1) by dividing by daylength. The MLD data were obtained from the 
HYbrid Coordinate Ocean Model (HYCOM) with the same spatial and 
temporal resolutions for the same period. 

2.2. Zooplankton data 

Total zooplankton biomass data were obtained from the Coastal and 
Oceanic Plankton Ecology, Production, and Observation Database 
(COPEPOD). Because there were no data collected in the cSPG, data 
from the nearest area (10–30◦ S and 90–180◦ W) in the SPG region were 
selected to represent observations in the targeted area. These data on 
total zooplankton biomass were collected using nets with varying mesh 
sizes (µm). Due to the phytoplankton community of cSPG is dominated 
by pico-sized phytoplankton, the mesozooplankton and higher-level 
zooplankton would only have few influences on it. Thus, the data 
which was identified as “fish (unidentified eggs or larvae)” were 
excluded from the analysis. The remaining data (Number (N) = 357) 
were standardized to common units of zooplankton carbon biomass, 
which included two different units: ’Zooplankton wet weight’ (mg m− 2), 
’Zooplankton displacement volume’ (mL m− 2), and ’Zooplankton settled 
volume’ (mL m− 2). Meanwhile, these data included each month from 
spring to autumn, but there were no data for June and July during the 
austral winter. 

2.3. Photoacclimation model 

The photoacclimation model used in this study followed that of 
Behrenfeld et al. (2016), which provides a steady-state equation for the 
ratio (θ) of phytoplankton carbon to chlorophyll concentration, with θ 
modeled as a function of light in the mixed layer (Eqs. 1–5). The input 
parameters of this photoacclimation model include hourly PAR(0), KPAR, 
and MLD, with a math function as (Behrenfeld et al., (2016)): 

θ = θDMΔθSM (1)  

with θDM for photoacclimation under deep-mixing scenarios when the 
mixed-layer depth is deeper than the euphotic zone depth (Zeu) (Eq. (2). 
The variable Δ θSM is a term introduced to correct for a shallow mixed 
layer (MLD < Zeu) (Behrenfeld et al., 2016) and is expressed using Eqs. 
(3–4), 

θDM = c1ec2
PAR(0)0.45

KPAR (2)  

Here c1 = 19 g C (g Chl)− 1 and c2 = 0.038 m− 1 (mol photons m− 2 

Fig. 1. (a) The red square is designated as cSPG (23◦ - 28◦ S and 115◦ − 120◦

W). The background color is the average climatological Chl derived from 
MODIS Aqua, which was downloaded from NASA OBPG. (b) The “trapezoidal” 
relationship between Chl and PAR(0) at cSPG, where both products were 
downloaded from NASA OBPG. They have a spatial resolution of 9 km and a 
temporal resolution of 8-day from 2002 to 2020. Colors are denoted by seasons. 
Orange circles: austral spring (September to November); Red circles: austral 
summer (December to February); Green circles: austral autumn (March to May); 
Blue circles: austral winter (June to August). 
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h− 1)− 0.45 as model constants. The term Δ θSM is. 

with IML is the irradiance at half of the mixed layer depth and was 
calculated following Westberry et al. (2008): 

IML = PAR(0)e− 0.5 KPAR MLD (5) 

Once Cph and θ have been determined, the concentration of phyto
plankton chlorophyll based on phytoplankton carbon and photo
acclimation − Chl(θ) − can be calculated from Eq. (6): 

Chl(θ) =
Cph

θ
(6) 

If the data and photoacclimation model are consistent with each 
other, the modeled Chl(θ) and observed Chl will equal to each other. In 
this case, photoacclimation dominates Chl dynamics. If Chl(θ) does not 
equal to Chl, mechanisms other than photoacclimation will affect 
cellular Chl levels (Behrenfeld et al., 2016). Based on Behrenfeld et al. 
(2016), the uncertainty is estimated to be ~ 20 % for θ in SPG. Mean
while, Hu et al. (2012) have reported that there is ~ 10 % uncertainty of 
Chl when using Ocean Color Index (OCI) algorithm. We thus set a ~ 30 
% uncertainty when comparing satellite Chl with Chl(θ). Note that, at 
spatially averaged and monthly scales, the uncertainties are much less 
than 30 % (Qi et al., 2017). While acknowledging the potential influence 
of non-algal matter or taxonomy on the conversion from bbp to Cph (Fox 
et al., 2022; Karl et al., 2022), it is noteworthy that the conversion re
mains relatively consistent in oligotrophic southern hemisphere 
(including cSPG) throughout the year (Serra-Pompei et al., 2023). 
Additionally, the coefficients of variation (CV) of θ (~0.61) was 3.6 
times the CV of Cph (~0.17), which indicated that θ has much more 
influence on the modeling of Chl(θ) than Cph. Thus, we assumed that the 
uncertainty associated with Cph is encompassed within the above 
mentioned 30 %. 

2.4. Statistical analyses 

A one-sample t-test was used to test for differences between two 
datasets (e.g., zooplankton biomass during two periods of time). 
Whether the mean of a dataset was consistent with a hypothetical value 
was determined on the basis of the t statistic and the corresponding type 
I error rate (Gerald, 2018). The p-value (p) and t-value (t) were used to 
assess statistical significance. One-sample t-tests were carried out in 
OriginPro Version 2022 (OriginLab Corporation, Northampton, MA, 
USA). To characterize the influence of environmental factors (MLD, exp 
(− 3IML) and SST) on Chl, the multiple linear regression (MLR) analyses 
were carried out to describe the relationships between all three factors 
and Chl (Cohen et al., 2013). The MLR is a statistical method for pre
dicting the result of a dependent variable by using a number of 
explanatory independent variables. The statistical parameter (e.g., co
efficient of determination (R2), p) could represent the influences of in
dependent variables on dependent variable. MLR were conducted using 
the “regress” function of MATLAB Version 2019a to characterize how 
environmental factors (MLD, exp(− 3IML) and SST) affect the Chl (The 
MathWorks, Inc., Natick, Massachusetts, United States). Due to the re
lationships between MLD and nutrients (Wilson & Coles, 2005), exp 
(− 3IML) and photoacclimation (Behrenfeld et al., 2005; Behrenfeld 
et al., 2016), SST and grazing pressure of zooplankton (O’Brien et al., 
2013), we used MLD, exp(− 3IML) and SST as the indicator of nutrients, 
photoacclimation and grazing pressures by zooplankton, respectively. 

2.5. Data availability 

Satellite data are available at: https://oceancolor.gsfc.nasa.gov/, 
and zooplankton data are available at: https://www.st.nmfs.noaa.gov/ 
copepod/about/databases.html. 

3. Results and discussion 

3.1. A trapezoidal pattern between Chl and PAR(0) in the cSPG 

For the first time, we found that there is an apparent trapezoidal 
pattern (see Fig. 1b) between Chl and PAR(0) based on an almost 18 
years of measurements by the MODIS Aqua over the cSPG water. The Chl 
demonstrates distinct seasonal variations in the ultra-oligotrophic ocean 
(i.e. cSPG), indicating high variable Chl even under the same light in
tensity. Specially, we found that Chl decreased in austral spring (right 
non-parallel side), remained almost constant in austral summer (bottom 
side), and then rapidly increased in austral autumn and winter (left non- 
parallel side). Meanwhile, the range of Chl during June (from ~ 0.03 to 
0.05 mg m− 3) is similar to the range in July (from ~ 0.03 to 0.06 mg 
m− 3) (upper side). Moreover, the magnitude of the Chl-decline rate with 
increasing PAR(0) (from 35 to 50 mol photons m− 2 day− 1) is much less 
than the Chl-increase rate with a decreasing PAR(0) (from 35 to 25 mol 
photons m− 2 day− 1). This trapezoidal pattern revealed large fluctuations 
of Chl at similar PAR(0). For example, Chl varied by a factor of ~ 3 for 
PAR(0) of ~ 35 mol photons m− 2 day− 1. Recent studies have suggested 
that photoacclimation is the dominant process responsible for the tem
poral variations of Chl in the SPG (Behrenfeld et al., 2016). We therefore 
tried to analyze the role photoacclimation and other processes played in 
this trapezoidal pattern. 

3.2. Periods when photoacclimation dominates 

To understand the importance of photoacclimation on Chl dynamics 
in the cSPG, we compared the Chl estimated from a photoacclimation 
model (Chl(θ)) with Chl obtained from ocean color remote sensing for 
each month of the year (see Fig. 2). Whereas Chl was in the range 
0.01–0.06 mg m− 3, Chl(θ) was in the range 0.005–0.1 mg m− 3. Chl(θ) 
was significantly (about 1.6 times) higher than Chl for the months of 
June to August (southern winter) (one-sample t-test, N = 850, p-value 
(p) < 0.01, Fig. 2a). The fact that Chl(θ) was ~ 38 % higher on average 
than Chl suggested that Chl(θ) was overestimated during many months 
of the year. To determine when photoacclimation was the dominant 
factor, we plotted the average monthly variation of Chl(θ)/Chl, which 
ranged from ~ 1.0 to 1.7. During the months of January-March and 
September-October, the ratio of Chl(θ)/Chl ranged from ~ 1.0 to 1.2. 
Considering the uncertainties associated with the ocean color products 
from satellites, the implication of these values is that photoacclimation 
provided a plausible explanation for the Chl dynamics during these 
months. However, the fact that the monthly averages of Chl(θ)/Chl for 
the other months were in the range ~ 1.4 to 1.7 suggested that photo
acclimation alone might not have been the only process driving Chl 
variations during these months. Other processes or mechanisms also 
played important roles in the dynamics of Chl during these periods. 

3.3. The roles of nutrients and zooplankton grazing during the period 
April to August 

Chl(θ) were much higher than Chl from April to August. During this 
period, the IML decreased sharply from ~ 2.5 to 0.5 mol photons m− 2 h− 1 

while the MLD deepened (~56.2 – 120.8 m), and IML fluctuated around 
0.5 mol photons m− 2 when the MLD exceeded ~ 100 m (see Fig. 3). The 
deep MLD suggested that while nutrients were brought up from the 
nutricline into the mixed layer, there was also enhancement of a dark
ening, cooling, and dilution effect during this period (Behrenfeld, 2010; 
Boss & Behrenfeld, 2010). Above all, when the MLD is shallow, the IML is 
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higher, indicating that during this time, phytoplankton encounter more 
nutrient limitation than light limitation. Conversely, when the MLD is 
deep and the IML is lower, the phytoplankton is under stronger light 
limitation compared to nutrient limitation. Overall, the results sug
gested that there was a transition from nutrient limitation to light lim
itation from April to August. 

Chl was found increased from April to July (~0.02 – 0.04 mg m− 3), 
but decreased in August (~0.03 mg m− 3). During April to July, the 
increased supply of nutrients would have enhanced the growth rate of 
phytoplankton during the MLD-deepening process. Meanwhile, during 
the period of MLD deepening, the loss rates of phytoplankton might have 
been reduced based on the decreased encounter rates with zooplankton 
through “dilution effect” (Boss & Behrenfeld, 2010). This may have 
further promoted phytoplankton growth rates. Moreover, within the 
time of decreasing IML and temperature, lower light and temperature 
might also have diminished the digestion rates of zooplankton (Moeller 
et al., 2019), potentially also resulting in lower grazing pressures on 
phytoplankton during this period. Thus, the loss rates of phytoplankton 

would have been reduced as a result of the lower light, lower temper
ature, and decreased encounter rates with zooplankton during the 
period of MLD deepening (Behrenfeld, 2010; Boss & Behrenfeld, 2010; 
Landry & Hassett, 1982; Landry et al., 1995). 

The scenario shifts in August, while during August, the MLD 
increased further to about 120 m (Fig. 2b). Though the nutrients were 
continuously injected, the much lower IML and temperature was not 
beneficial to support the phytoplankton growth. Meanwhile, the dilu
tion effect would have been weakened due to the deepening rate of MLD 
being slower than that from April to July (Fig. 2b), while the recoupling 
between phytoplankton and zooplankton was becoming to recovered 
(Boss & Behrenfeld, 2010), potentially explaining the initial increase 
and subsequent decrease in Chl levels (Fig. 2b). Therefore, in addition to 
photoacclimation, the variations of nutrients and zooplankton could 
also have an important influence on the carbon to chlorophyll ratio (θ). 

The photoacclimation model separated the whole year of cSPG into 
three distinct periods: April-August, September-October and January- 
March, November to December, as demonstrated in Fig. 2b. Thus, we 
utilized these intervals to construct histograms for θ and Cph, which are 
displayed in Fig. 4. The fact that the satellite-derived θ value for the 
April–August period was the lowest (the average was ~ 377 g C (g Chl)- 

1) compared with other months of the year (the average was ~ 897 g C (g 
Chl)-1) indicated a comprehensive regulation of the physiological state 
of phytoplankton by low light and low temperature under nutrient- 
replete conditions (see Fig. 4a). In addition, compared to other 
months (Cph ~ 12.9 mg m− 3 from September to March), Cph during April 
to August remained at relatively low levels (averaging around ~ 10.6 
mg m− 3) (see Fig. 4b). The indication of these distributions is that a 
combination of effects resulted in not only a change of physiological 
state but also a decrease in phytoplankton biomass. 

Fig. 2. (a) Relationship between Chl(θ) and Chl. The color of the points rep
resents seasonal periods, consistent with Fig. 1b. The black line is a linear fit. 
(b) Monthly variation of PAR(0) (red line), mixed-layer depth (MLD, blue line), 
Chl (black line) and Chl(θ)/Chl (green line) at cSPG. The green dashed line 
represents the value of 1, and the green dotted line indicates the value of 1.3, 
which is the line of acceptable error range. 

Fig. 3. A relationship between MLD and IML (N = 349) from April to August 
at cSPG. 

Fig. 4. The histograms of average θ from photoacclimation model (a) and Cph 
(b) for April to August (blue), September to October and January to March 
(yellow), and November to December (red). 
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3.4. The impact of photosynthesis, remineralization, and zooplankton 
grazing during November–December 

The fact that the range of θ from November to December was similar 
to that from September to October and January to March (Fig. 4a) 
suggested that the effects of photoacclimation on Chl were similar 
during these periods. However, the relatively high Cph from November 
to December (~14.3 mg m− 3) compared to other months (~11.7 mg 
m− 3) led to higher Chl(θ) than Chl for the months of November and 
December (see Fig. 2b & Fig. 4b). 

During November-December, PAR(0) rose to its maximum value 
(~58.6 mol photons m− 2 day− 1), and the MLD shoaled from ~ 58.2 to 
41.0 m (see Fig. 2b). During this period, the high PAR and temperature 
may have enhanced phytoplankton photosynthesis and the digestion 
rates of zooplankton (Moeller et al., 2019). Meanwhile, the shoaling of 
the mixed layer could have resulted in not only a decrease of nutrient 
inputs but also more frequent encounters with zooplankton and hence 
higher loss rates of phytoplankton (Boss & Behrenfeld, 2010). Increased 
remineralization due to enhanced grazing and excretion by zooplankton 
during this shallow-MLD time (Lynam et al., 2017) could have promoted 
phytoplankton growth. Although higher grazing pressure by 
zooplankton could have reduced Cph, the higher rates of phytoplankton 
photosynthesis and the increased remineralization promoted by higher 
food-web efficiency would have increased Cph. The result would have 
been a relatively constant Cph maintained at a high level throughout the 
year. It’s worthwhile to note that although some of the phytoplankton 
consumed by zooplankton may be quickly remineralized and then 
reabsorbed by phytoplankton, there are changes in their composition, 
selective grazing, mineralization and assimilation rates, delays effects, 
and all these variations at different temporal and spatial scales may also 
contribute to changes in phytoplankton community (Edwards et al., 
2012; Geider & La Roche, 2002; Thingstad & Rassoulzadegan, 1995). 
Therefore, overall, the system was turning over faster during this time. 
This result suggests that in addition to photoacclimation, high grazing 
pressures by zooplankton was a key process that regulated Chl dynamics 
during this period. 

Fig. 5 shows that the COPEPOD contained 357 values of zooplankton 
biomass in the SPG region from September to March. The hypothesized 
higher grazing pressure during November-December period was 
consistent with the zooplankton data: As for the comparison of 

zooplankton wet weight, the zooplankton biomass (~8407.9 mg m− 2, N 
= 31) was higher in November–December than the zooplankton biomass 
(~6074.8 mg m− 2, N = 6) in the photoacclimation-dominated period (i. 
e., September to October and January to March); Regarding the com
parison of zooplankton settled volume and zooplankton displacement 
volume, the zooplankton biomass (~11.9 mL m− 2, N = 34) also was 
higher during the period of November–December than the zooplankton 
biomass (~7.6 mL m− 2, N = 286) from September to October and 
January to March. Both results supported our hypothesis. However, 
these values do not show significant differences, this may be attributed 
to the low sample size. 

The differences of zooplankton biomass during these two periods 
could be attributed to a time lag between the peaks of phytoplankton 
and zooplankton (Almén & Tamelander, 2020; Landry et al., 1997; 
Sommer, 1988). From September to October, there was a recoupling 
between phytoplankton and zooplankton in August, but the zooplankton 
required some time to catch up with the growth of the phytoplankton. 
From January to March, after most phytoplankton had been consumed, 
the zooplankton also decreased. From November to December, the close 
recoupling between plankton increased the turnover rate of the food 
web, and zooplankton growth was enhanced. The result was higher 
zooplankton biomass than during the aforementioned periods. In addi
tion to time lag, the complex and multifaceted interaction between 
phytoplankton and zooplankton, involves intricate trophic relationships 
and multiple steps within the microbial food web, nutrient cycling and 
energy transfer might also contributed to the biomass distinctions. It is 
noteworthy that the phytoplankton community is predominantly 
dominated by pico-sized phytoplankton in SPG. While within our 
analysis, the total zooplankton biomass may incorporate meso
zooplankton, which were exerting limited direct effects on the phyto
plankton community, indicated this might introduce some error into our 
analysis. However, the seasonal variation of zooplankton in our study 
was consistent with the temporal pattern of zooplankton from the ICES 
reported by the Working Group on Zooplankton Ecology (WGZE) 
(O’Brien et al., 2013), thus still lending support to our results when 
considering the error. 

Although rapid photosynthesis and remineralization would have 
increased Chl, photoacclimation and grazing by zooplankton would 
have decreased Chl. Thus, the complex interactions among photosyn
thesis, remineralization, photoacclimation, and grazing pressures 
appeared to have led to a temporarily balanced system. The result is that 
Chl is nearly constant during this period (see Fig. 1b). 

3.5. Contrast of the two periods of photoacclimation domination 

We observed that although photoacclimation dominated Chl dy
namics for the periods of January–March and September–October 
(Fig. 2b), the change of Chl from September to October (~0.03 mg m− 3) 
was ~ 2.4 times larger than that from January to March (~0.01 mg m− 3) 
(Fig. 1b). These results differed from observations that have been re
ported in the literature: the rate of change of Chl in the subarctic Atlantic 
is slower when the light is increasing than when it is decreasing, and the 
rates of change of Chl are similar in the mid-latitude northwest Pacific 
during the periods of increasing and decreasing light (Graff & Behren
feld, 2018; Xing et al., 2021). The implication is that the different 
characteristics of photoacclimation in response to changes of light in
tensity might be affected by the different physiological conditions of 
phytoplankton in different marine systems. We thus hypothesized that 
the physiological status of phytoplankton might differ between 
September-October and January-March in the cSPG. 

Such physiological differences might result in different rates of 
photoacclimation and would be apparent in the relationship between 
IML and Chl/Cph ratio, which was expressed as Chl/Cph = τmin + (τmax −

τmin) exp(− 3IML) (Behrenfeld et al., 2005; Behrenfeld et al., 2002). 
Though the Chl/Cph ratio of phytoplankton depends on irradiance 
(Geider, 1987; Macintyre et al., 2002), the minimum of the Chl/Cph ratio 

Fig. 5. The zooplankton biomass comparison in two periods. These box plots 
illustrate the biomass of zooplankton during two periods (Sep-Oct & Jan-Mar, 
and Nov-Dec), measured in two units: ’Zooplankton wet weight’ (mg m− 2) 
(left), and ’Zooplankton displacement volume’ and ’ Zooplankton settled vol
ume’ (mL m− 2) (right). The boxes represent the interquartile range (IQR), 
including the 50 % of data between the first quartile (Q1) and the third quartile 
(Q3). Whiskers extend to the furthest points within 1.5 times the IQR from the 
quartiles, excluding outliers. Outliers are marked by plus signs (+) and indicate 
values beyond 1.5 times the IQR from the nearest quartile. The diamonds 
represent the mean biomass value of data from each period. 
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(τmin) would decrease with increasing nutrient stress (Laws & Bannister, 
1980; Sakshaug et al., 1989), whereas the low-light maximum of the 
Chl/Cph ratio (τmax) would increase with increasing temperature (Cloern 
et al., 1995; Geider, 1987). Thus, unlike the photoacclimation model 
that focused exclusively on light (Behrenfeld et al., 2016) (see Eqs. 1–5 
in the photoacclimation section), the τmin and τmax values in this rela
tionship represent the effects of nutrient stress and temperature limita
tion on photoacclimation, respectively (Behrenfeld et al., 2005; 
Behrenfeld et al., 2002). 

In the case of nutrient stress, the value of τmin that resulted in the best 
fit for January to March was 1.1 × 10− 3 mg Chl (mg C)− 1 (N = 214), 
which was smaller than the value for September to October (1.3 × 10− 3 

mg Chl (mg C)− 1, N = 136, p < 0.01) (Fig. 6). Because τmin decreased 
with increasing nutrient stress, there was stronger nutrient limitation 
during the former than the latter period. The fact that our τmin was about 
half of the values in Behrenfeld et al. (2005), who reported that τmin in 
the SPG L0 (the sea area where the climatological standard deviation of 
Chl was smaller than 0.018 mg m− 3) was ~ 3.7 × 10− 3 mg Chl (mg C)− 1, 
might have been due to the cSPG’s being the most oligotrophic waters of 
the SPG L0. We also found that the MLD was much deeper (~86.4 to 
121.1 m) during September-October than during January-March (~37.7 
to 46.0 m) (Fig. 2b). The nature of these MLD variations suggested that 
more nutrients may have been upwelled from deeper layers during the 
period of September to October. That supposition is consistent with the 
τmin value. According to the resource allocation theory of phytoplankton 
(Halsey & Jones, 2015), a lower nutrient supply would have resulted in 
lower nutrient allocation to light absorption (i.e., Chl) during January- 
March than during September-October. 

As for the temperature effect, the τmax value that gave the best fit 
was ~ 0.01 mg Chl (mg C)− 1 for September to October, and ~ 0.13 mg 
Chl (mg C)− 1 for January to March (Fig. 6). The sea-surface temperature 
(SST) was significantly lower during September–October (~20.8 to 
23.5 ◦C) than during January–March (~24.3 to 27.8 ◦C) (p < 0.01). The 
fact that our τmax was consistent with the trend in Behrenfeld et al. 
(2005) showed that τmax increases with increasing temperature. The 
implication is that there is more temperature limitation during the 
period from September to October than from January to March. How
ever, the fact that the change of Chl was greater from September to 
October than that from January to March (Fig. 1b), which suggests that 
the influence of temperature limitation was less than the effects of 
nutrient limitation. This pattern might have been caused by the fact that 
the effects of temperature on photoacclimation are also a function of 
nutrient limitation, because the influence of temperature on phyto
plankton physiology is nutrient dependent (Fernández-González et al., 
2020). This dependence is consistent with the relationship between Chl 
and MLD (R2 = 0.56, N = 354, p < 0.01), which was higher than the R2 

between Chl and SST (R2 = 0.39, N = 354, p < 0.01) during this period. 
These observations indicated that the impact of nutrient limitation on 

photoacclimation is greater than the impact of temperature. 
We therefore accepted our hypothesis: the physiological status of 

phytoplankton from January to March was primarily limited by nutri
ents in the cSPG, thus phytoplankton were less responsive in terms of 
pigment regulation by photoacclimation during this period than during 
the period from September to October. 

3.6. The phytoplankton’s dynamics influenced by the alternation of co- 
regulation mechanisms 

Our comprehensive analysis reveals that the dynamics of Chl in cSPG 
are governed by a complex interplay of multiple processes throughout 
the year (Fig. 7a). The co-regulated by these processes shapes the 
observed Chl-PAR(0) “trapezoidal” patterns, reflecting the response of 
phytoplankton on changing environmental conditions. In our study, we 
focused more on the temporal variation in the intensity of controlling 
mechanisms. It’s important to note that the phytoplankton primarily 
driven by photoacclimation, and the influence of zooplankton and nu
trients on the phytoplankton remains in the whole year, while here we 
emphasized the strength switch of environmental factors. From April to 
August, cooling, dilution, and nutrient addition with intense deepening 
of the mixed layer promoted phytoplankton growth and accounted for 
the increase of Chl. In August, a continuous decrease of light availability 
and higher grazing by zooplankton led to a decrease of Chl. Though 
photoacclimation dominated during both periods, relatively high 
nutrient stress led to a lower rate of up-regulation of Chl from January to 
March than the rate of down-regulation of Chl from September to 
October. From November to December, Chl dynamics were controlled 

Fig. 6. The relationships between IML and Chl/Cph in September-October time 
(green, N = 136) and in January-March time (orange, N = 214). 

Fig. 7. Alternation of co-regulation mechanisms drives the “trapezoidal” 
pattern between Chl and PAR(0) in the cSPG. (a) The color represents different 
periods. Blue: from April to July (N = 274, p < 0.01); Purple: August (N = 75, p 
= 0.11); Green: from September to October (N = 138, p < 0.01); Red: from 
November to December (N = 147, p < 0.01); Orange: from January to March 
(N = 216, p < 0.01). (b) The conceptual scheme of dominated co-regulation 
mechanisms driving the “trapezoidal” relationship between Chl and PAR(0) 
in cSPG. Light color to deep color represents low-value and high-value of Chl 
(green) or PAR(0) (yellow). 
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not only by photoacclimation but also by grazing pressure from 
zooplankton. The result was the formation of a “trapezoidal” pattern 
between Chl and PAR(0) at the cSPG (Fig. 7b). 

As discussed above, our concepts of steady state and non-steady state 
in this study focused more on an ecosystem than a culture system 
(Harris, 1988; Pahl-Wostl, 1995). Long-term observations by satellites 
over the cSPG revealed a “trapezoidal spiral structure” between Chl and 
PAR(0) (see Fig. 1b and Fig. 8a). The spiral structure reflected the 
changes of Chl at the same PAR(0) over a long period of time. From April 
to August, the lines appeared chaotic, and the intensity of the Chl dy
namics indicated that a system characterized by such Chl dynamics was 
not easily returned to a previous state, indicated that the phytoplankton 
community is under a more dynamics scenario, approaching the non- 
steady state (Beninca et al., 2008; Naselli-Flores et al., 2003). In 
contrast, from November to December, the lines of Chl versus PAR(0) 
during different years were approximately parallel with each other. The 
implication was that the Chl was closer to recovering the previous state, 
suggested that the phytoplankton community is in the steady state (Rojo 
& Álvarez-Cobelas, 2003). The Chl dynamics from January to March and 
from September to October fell between the two aforementioned states: 
The phytoplankton state from September to October resembled the 
former, while the phytoplankton state from January to March resembled 
the latter. Overall, we could find on a long-time scale, the seasonal 
variation of Chl in the cSPG was a dynamic steady state regulated not 
solely by photoacclimation but rather a complex process. Specially, the 
steady state of phytoplankton community may be influenced by the 
alternation of co-regulation mechanisms. 

Fig. 8b-8c show the climatological standard deviation of Chl (σChl) 
from 2003 to 2020. Values of σChl were a minimum during Novem
ber–December (1.3 × 10− 3 mg m− 3), and then it increased slowly from 
January to March (1.8 × 10− 3 mg m− 3). σChl increased sharply from 
April to July (4.8 × 10− 3 mg m− 3) and reached a maximum in August 
(8.2 × 10− 3 mg m− 3). Subsequently, σChl decreased from September to 
October (4.4 × 10− 3 mg m− 3). These results indicated that the balance 
between phytoplankton growth and zooplankton grazing temporarily 
stabilized the phytoplankton assemblage from November to December. 
During this period, the interactions between phytoplankton and 
zooplankton were the equilibrium force that strongly balanced the sys
tem (Gaedeke & Sommer, 1986). Equilibrium conditions were gradually 
destroyed by environmental disturbances and strength (i.e., both light 
and nutrient limitation) from January to March. The impact of the in
jection of nutrients was sufficient to disrupt the interactions between the 
phytoplankton and zooplankton from April to August (Harris, 1988). 
The dynamics of the phytoplankton assemblages was subsequently 
tempered by the reduction of nutrient inputs, and the phytoplankton 
were further influenced by light from September to October. Finally, the 
phytoplankton assemblages recover to steady-state from November to 
December. 

Thus, based on the “observation window” of the climatological 
monthly temporal scale (Wu & Loucks, 1995), we therefore found that 
the “trapezoidal” spiral structure between Chl and PAR(0) in the cSPG 
reflects a complex and dynamic steady state of the phytoplankton 
assemblage (Fig. 8a). This study demonstrates that steady-states of 
phytoplankton assemblages indeed exist within this ecosystem, with 
equilibrium forces primarily driven by interactions among phyto
plankton and zooplankton in the cSPG (Sommer et al., 1993). The results 
of this study also support the theory of non-steady state dynamics that 
emphasizes the nested and interacting processes influencing the 
ecosystem on different temporal scales (Allen & Starr, 1982). Overall, a 
long-term “trapezoidal” relationship between Chl and PAR(0) implied 
that phytoplankton’s steady state may be influenced by the alternation 
of co-regulation mechanisms, but it will reach the steady state with 
temporally varying environments in cSPG throughout the year. 

3.7. Other processes and other subtropical gyres 

Results from MLR analysis indicated that photoacclimation, nutri
ents, and grazing pressures by zooplankton could explain ~ 84 % of the 
Chl variance (R2 = 0.84, p < 0), while the remaining (~16 %) Chl 
variance was contributed by other processes. It is worth noting that 
different phytoplankton ecotypes exhibit varying rates of photo
acclimation and photosynthesis in response to changing light conditions 
(Casey et al., 2022). Additionally, these ecotypes often display prefer
ences for specific seasonal conditions (Flombaum et al., 2020) that 
potentially contribute to the observed “trapezoidal” pattern between Chl 
and PAR(0) in the cSPG. Another process that may have contributed to 
the phytoplankton dynamics was the deposition of aerosols from the 
atmosphere into the ocean. Aerosols can carry essential nutrients, such 
as iron, that promote phytoplankton growth (Duce et al., 1991; Duce, 
1986). Previous studies have indicated precipitation rates are lower 
during local summer compared to local winter in the SPG (Duce et al., 
1991). The implication is that more micronutrients might be transferred 
from the atmosphere to the ocean in winter. This increased input of 
micronutrients from deposition could accelerate the increase of Chl 
during the winter months. Another process that may have led to higher 
rates of down-regulation of Chl from September to October than rates of 
up-regulation of Chl from January to March might have been more vi
olent mixing dynamics during the former period. Brunet (2003) have 
demonstrated that photoacclimation can be a metric used to estimate 
vertical water movements based on the positive relationship between 
mixing and the rate of change of photoacclimation parameters. In our 
study, there was a greater change of the MLD during September-October 
(~34.7 m) than during January-March (~8.3 m) (Fig. 2b). The more 

Fig. 8. The combination of steady-state and non-steady state of phytoplankton 
in cSPG. (a) “Trapezoidal” spiral rise structure of Chl in cSPG on a long-time 
scale. (b) The climatological σChl from 2003 to 2020. (c) The averages of 
σChl dominated by each co-regulation mechanism. The color of markers/lines/ 
bars and the symbol representation are the same as that in Fig. 7a. 

D. Lian et al.                                                                                                                                                                                                                                     



Progress in Oceanography 225 (2024) 103281

8

intense dynamics of the MLD may have led to a more rapid response of 
phytoplankton to variations in the light field from September to October 
compared to the period of January to March (Fig. 1b). 

It appears that the “trapezoidal” relationship between Chl and PAR 
(0) also exists at the center of other subtropical gyres: the centers of the 
North Atlantic Gyre (cNATL, 25◦ – 30◦ N and 55◦ – 60◦ W), the South 
Atlantic Gyre (cSATL, 15◦ – 20◦ S and 25◦ – 30◦ W), and the Indian 
Ocean Gyre (cIO, 25◦ – 30◦ S and 75◦ – 80◦ E) (Fig. 9a-e). These results 
indicate that the “trapezoidal” relationship between Chl and PAR(0) 
may be a general pattern that reflects some degree of environmental 
similarity. An obvious “outlier” is the center of the North Pacific Gyre 
(cNPG, 12◦ – 17◦ N and 160◦ – 165◦ E) (Fig. 9f), where processes in 
addition to those we have discussed (e.g., nitrogen fixation (Friedrich 
et al., 2021), Ekman convergence (Chow et al., 2019), dust deposition 
(Tan et al., 2016)) might also play important roles in the Chl dynamics. 
A detailed description of Chl variations in the cNPG is beyond the scope 
of this study, but examination of the relationship between Chl and PAR 
(0) in five subtropical gyres has demonstrated that the relationship in 
the cNPG is unlike the relationships in the other four marine areas 
(Hardman-Mountford et al., 2008; Vichi et al., 2011). A challenge for 
future studies is to determine why there are large regional differences 
between some ocean gyres. Moreover, we recommend incorporating 
more techniques into future analyses, such as the use of Biogeochemical 
Argo (BGC-Argo) floats. These instruments can capture high-resolution 
water profiles, thereby providing further evidence to support the Chl- 
driven mechanisms under investigation. Answers to such questions 
will help us to obtain a more comprehensive understanding of the 
mechanisms that drive the temporal dynamics of Chl and refine our 
understanding of phytoplankton responses to ongoing climate changes. 

4. Conclusions 

Our study suggested that an alternation of co-regulation mechanisms 
drives the “trapezoidal” relationship between Chl and PAR(0) at the 
cSPG. The implication is that nested and interactive processes influence 
the same ecosystem at different temporal scales. Although the dynamics 
of phytoplankton Chl involves complex processes, our results suggest 
how an ecological model and a forecasting model might be optimized. 
Most previous forecasting models that predict how global warming will 
affect phytoplankton in the future have focused more on one dominant 
effect (e.g., SST, light, or MLD dynamics) (Behrenfeld et al., 2006, 2016; 
Boyce et al., 2010; Toseland et al., 2013). Although these studies have 
considered the effects of multiple factors on phytoplankton, they have 
generally modeled the effect (positive or negative) of one factor on 
phytoplankton as if there were no interaction between factors, because 
each subsystem was assumed separately rather than collectively (Boyce 
et al., 2010; Laws et al., 2000; Plattner, 2005). While photoacclimation, 
nutrient limitation, temperature, and other processes have been 
considered in some ecological models, the temporal alternation and 
interplay of these processes have been neglected (Sathyendranath et al., 
2020; Siemer et al., 2021; Westberry et al., 2008). Because the contri
bution of each mechanism on Chl variability differed between periods of 
the year, disregarding this pattern might lead to significant errors in 
model-estimated Chl. Going forward, we ought to optimize ecological 
models and forecasting models by focusing more on the different im
pacts of these processes on primary producers at different times of the 
year. 

However, it’s necessary to emphasize the suitability of steady state 
models and the need to choose the appropriate assumption based on the 
specific research goals. It’s worth noting that global-scale studies might 

Fig. 9. The relationships between Chl and PAR(0) at the centers of classic subtropical gyres. (a) The red points show the centers of five subtropical gyres. The 
background color is the average climatological Chl derived from MODIS Aqua downloaded from NASA OBPG, which have a spatial resolution of 9 km and a temporal 
resolution of 8-day from 2002 to 2020. (b-e) The “trapezoidal” relationships between Chl and PAR(0) at cSPG, cNATL, cSATL and cIO, respectively. (f) The “non- 
trapezoid” relationship between Chl and PAR(0) at cNPG. (b-f) Colors are denoted by seasons. Orange circles: September to November; Red circles: December to 
February; Green circles: March to May; Blue circles: June to August. 
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be more suitable for employing a steady-state assumption, primarily due 
to their substantial computational resource requirements. The utiliza
tion of a steady-state assumption serves to optimize computational re
sources and simultaneously mitigating the risk of overfitting. While, 
when focused on the spatiotemporal variations of specific sea area and a 
desire to meet heightened precision requirements, both steady-state and 
non-steady-state assumptions are recommended. 

The results of this work remind us that in future ecological studies, 
more attention should be paid on the alternation of steady state and non- 
steady-state conditions rather than assuming steady state conditions 
throughout the year. In this way we will obtain a more comprehensive 
understanding about how phytoplankton respond to contemporary 
climate variability. 
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Fernández-González, C., Pérez-Lorenzo, M., Pratt, N., Moore, C.M., Bibby, T.S., 
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