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Abstract (147 words, 150 words limit) 18 

Anthropogenic climate change is affecting marine ecosystems by altering the strength of 19 

phytoplankton blooms and driving shifts in the seasonality (phenology) of productivity. Here, 20 

we analyze a new 30-member Large Ensemble of climate change projections to quantify the 21 

sensitivity of phytoplankton bloom phenology (initiation, peak timing, and net growth period 22 

length) to anthropogenic forcing. Forced changes in the duration of net growth vary widely 23 

across the global ocean, with high latitudes experiencing a reduction of up to one month, and 24 

the tropics and subtropics experiencing an extension of up to one month. Changes in duration 25 

reflect shifts in both bloom initiation and peak bloom timing, which result from subtle 26 

decoupling between phytoplankton growth and zooplankton predation driven by temperature, 27 

nutrients and light variations. Changes in bloom strength and timing will alter the flow of 28 

energy in the marine ecosystem, with implications for higher trophic levels and fisheries. 29 

  30 
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Main text 31 

Marine primary productivity, the sum of organic carbon fixed by microbes in the ocean, is a 32 

fundamental aspect of the Earth system. The potential for climate change to have deleterious 33 

impacts on marine primary productivity has received significant attention, with coordinated 34 

efforts to understand and predict the long-term production capacity of marine ecosystems. This 35 

long-term capacity has implications for the global food supply, an important consideration 36 

given expected population growth, and for the ocean’s capacity to sequester anthropogenic 37 

carbon. In addition to understanding the future changes in mean productivity, it is important to 38 

also assess whether the seasonal cycle of productivity can change in response to anthropogenic 39 

forcing, as shifts in phenology may also have large implications for natural and human systems. 40 

For example, changes in the timing of energy fixation at the base of the food web may affect 41 

fisheries and food security by de-synchronizing energy transfer to higher trophic levels1–3. 42 

Phenology changes may also have impacts on net annual oceanic fixation of inorganic carbon, 43 

which affects net ocean anthropogenic CO2 uptake and acidification4–6. 44 

 45 

There is broad consensus that the terrestrial biosphere is projected to experience longer 46 

growing seasons under anthropogenic forcing7–11. However, there is less consensus regarding 47 

the drivers of marine phenology changes, compared to the terrestrial analogue. Over most of 48 

the extra-tropical oceans, the seasonal cycle of productivity is dominated by phytoplankton 49 

blooms, which have been shown to be sensitive to future warming12. Previous studies have 50 

suggested that the onsets of bloom and growing season defined by indicators of ocean 51 

phytoplankton abundance and productivity (e.g., chlorophyll concentration (Chl) and net 52 

primary production (NPP)) have already shifted earlier in phase1,13–16 and will continue to shift 53 

in the near future2,12,17,18, especially at high latitudes. Lack of consensus about the future of the 54 
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phytoplankton phenology, however, partially stems from the complexity and diversity of 55 

environmental drivers (temperature, light, nutrient availability, grazing pressure, among 56 

others) that trigger and sustain phytoplankton blooms19,20, and underlying uncertainty in the 57 

forced response of these drivers21. 58 

 59 

Early efforts to explain climate-driven phenology shifts relied on the Sverdrup critical depth 60 

paradigm22 to argue that surface warming will drive an earlier onset of spring stratification, 61 

thereby modulating phytoplankton bloom timing as a ‘bottom-up” control2,17. Alternatively, 62 

recent studies have emphasized the importance of a more diverse set of mechanisms that 63 

include reduced predation by zooplankton and a subsequent increase in phytoplankton 64 

growth19,23–26, constituting “top-down” controls. Given that the pertinent drivers tend to covary, 65 

simple correlation analysis cannot be expected to deconvolve the underlying mechanisms. 66 

 67 

In this study, we use the accumulation rate of surface Chl to define the phytoplankton bloom 68 

period27 (i.e., net growth period) and calculate the balance for change in the accumulation rate 69 

to quantitatively attribute the projected phytoplankton phenological shifts (see Methods). This 70 

methodology enables us to disentangle the complexity of the system and gain insights into the 71 

different underlying mechanisms and their response to climate change driven by expected both 72 

physical and biological environmental drivers’ changes28–30.  73 

 74 

Despite strong anthropogenic changes in many ocean properties impacting primary production 75 

(e.g. temperature, mixing), analyses of large ensemble Earth system model simulations has 76 

shown that forced trends (anthropogenic signals) in biological variables (e.g., Chl and NPP) 77 

are relatively subtle, taking many decades to statistically ‘emerge’ above background climate 78 

variability21. This underscores the utility, if not necessity, of a large ensemble framework for 79 
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isolating and attributing forced trends in marine biological variables. Here, we leverage daily 80 

surface Chl data and other related variables from the 30-member Large Ensemble with the 81 

Geophysical Fluid Dynamics Laboratory Earth System Model 2 (GFDL-ESM2M31–33) under a 82 

high emission scenario (historical/RCP8.5) to investigate future changes in phytoplankton 83 

phenology (Fig. 1). GFDL’s ESM2M has three phytoplankton groups and one 84 

allometric/diagnostic zooplankton class, and explicitly represents a prognostic chlorophyll-85 

carbon ratio (Chl:C; more precisely, a flexible chlorophyll to nitrogen ratio, see Supplementary 86 

note). The model realistically represents the main features of the seasonal cycle of sea surface 87 

Chl34, i.e. the timing of phytoplankton blooms, as documented by the comparison with satellite 88 

records (Fig. S1).  89 

 90 

 91 

Figure 1. Climatological net growing period and anthropogenic shifts in the bloom 92 

initiation and peak. Ensemble mean climatology (1990–2020) of the ocean net growth period 93 

length (center, [days]) and biome-mean time series of phytoplankton bloom initiation (green 94 

lines, left axes, [day of the year]) and peak timing (orange lines, right axes, [day of the year]). 95 

Black contours  superimposed on the map indicate the biome35 boundaries used in this study. 96 

Each basin except for the North Indian Ocean has ice (ICE), subpolar seasonally stratified 97 
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(SPSS), subtropical seasonally stratified (STSS), subtropical permanently stratified (STPS), 98 

and equatorial (EQU) biomes in order from the pole. Time of emergence (ToE) with respect to 99 

1990 of biome-aggregated time series of bloom magnitude, net growth period length, bloom 100 

peak timing, and bloom initiation are shown in black, red, orange, and green vertical lines, 101 

respectively. If there is no corresponding vertical line, the metric is not emergent by the end of 102 

simulation period. Full time series and detailed biome definition can be seen in Fig. S2. 103 

Shadings in time series indicate the range of one standard deviation of 30 ensemble members. 104 

The numbers in parentheses next to the biome names gives the biome-mean climatology of net 105 

growth period length. 106 

 107 

 108 

 109 

Future projection of bloom phenology 110 

We begin by examining the length of the net growth period, defined as the number of days 111 

between the initiation of the bloom and its peak (see Methods). This definition is suited to 112 

blooms in the mid- to high-latitudes, but in the non bloom-forming tropics it only represents 113 

one aspect of the seasonal cycle. The spatial pattern of net growth period length (Fig. 1) aligns 114 

qualitatively well with biome patterns, defined by ocean biogeographical boundaries 115 

determined using physical and biogeochemical variables35. Net growth period length ranges 116 

from less than two months in the Pacific equatorial biome (P_EQU) to more than three months 117 

in the high latitudes of the Northern Hemisphere such as the North Pacific and Atlantic subpolar 118 

seasonally stratified biome (NP_SPSS and NA_SPSS) and Northern Hemisphere ice biome 119 

(NH_ICE).  120 

 121 

Projected future changes in the phenological features reveal a complex response pattern (Fig. 122 

2a–c). Bloom initiation is expected to shift earlier in almost all biomes (Fig. 2a). In the 123 

Equatorial Pacific (P_EQU), the South Atlantic (SA_STPS, and SA_STSS), and parts of the 124 

Pacific sector of the Southern Ocean (SP_STSS), the timing of peak phytoplankton blooms are 125 

expected to be delayed by the end of the 21st century (Fig. 2b). For biomes over the remaining 126 

ocean regions, the bloom peak tends to occur earlier. The trends in peak bloom and initiation 127 
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times can be as large as one month over the 21st century. Resultant changes in the net growth 128 

period duration indicate that the ocean’s "spring" can be shortened in the future to the north of 129 

30°N and in the subpolar band of the Southern Ocean (Fig. 2c), with the shifts in initiation and 130 

peak timing exhibiting at least some degree of independence. This provides a first indication 131 

that drivers other than just temperature are playing an important role.  132 

 133 

In contrast, future projected changes in peak amplitude reveal coherent spatial structures 134 

showing both increases and decreases in the magnitude of the bloom. Ensemble mean trends 135 

over 1990-2100 (Fig. 2d) reveal that peak bloom amplitudes are weakened in many regions. 136 

However, there are statistically significant increases over the subpolar North Pacific 137 

(NP_SPSS), the subtropical South Atlantic (NA_STSS and NA_STPS) and the Southern 138 

Ocean. This spatial pattern corresponds well with the trend in annual mean sea surface Chl 139 

evaluated previously with the same model configuration21, indicating that intermittent blooms 140 

within the net growth period play an important role in determining the mean state trend. In the 141 

subtropical Indian Ocean and equatorial biomes, changes in the bloom penological features 142 

compensate for the changes in amplitude, i.e., the net growth period is longer, but its magnitude 143 

is smaller.  144 

 145 

The time of emergence (ToE), considered as a signal-to-noise ratio, reveals that trends in ocean 146 

phytoplankton phenology are weakly emergent relative to trends in peak amplitude (Fig.2 and 147 

Fig.S2). The natural variability of the phenological features of blooms are as large as the forced 148 

response over many regions. For ecosystems, this ToE can also be interpreted to represent 149 

when the forced phenology changes exceed the envelope of ambient natural variability on a 150 

biome scale, potentially serving as a threshold for when phytoplankton phenology can sustain 151 

phenological mismatch and trophic asynchrony. Results from our analysis underscore the 152 
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challenges in detection of phenological changes from localized observations, as has been 153 

previously noted for seasonal amplitude modulations17,36. Nevertheless, the emergence 154 

characteristics of several specific regions warrant special mention. For the Northern 155 

Hemisphere ice biome (NH_ICE), with projected rapid ice cover retreat, net growth period 156 

compression emerges during the first half of the 21st century, with the earlier shift of peak 157 

bloom timing largely sustaining the early emergence in net growth period length (Fig. 1). 158 

Additionally, in a few regions (e.g., NP_SPSS, IO_EQU, and NA_SPSS), the phase shift 159 

emerges earlier than the amplitude change (Fig. S2), suggesting a higher potential future risk 160 

of occurrence of trophic mismatch. 161 

 162 

 163 

 164 

Figure 2. Anthropogenic phenological shifts in both bloom initiation and peak bloom 165 

timing results in spatially diverse impacts on net growth period. Ensemble mean trends 166 

(1990-2100) of (a) bloom initiation, (b) bloom peak timing (c) net growth period length, and 167 

(d) bloom magnitude over biomes. Positive trends indicate delay of initiation, delay of peak 168 

timing, extension of the net growth period, and increase in the bloom magnitude. Hatched 169 

(crosshatched) trends are statistically insignificant trends within the 99% (90%) confidence 170 

level. Trends indicated with bold numbers are emergent signals by the end of 21st century based 171 
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on time of emergence (ToE) calculation for the biome-aggregated time series. The ToEs are 172 

defined as the first year when the ensemble mean of  the individual members’ trends exceeds 173 

twice the ensemble standard deviation of those trends21. 174 

 175 

 176 

 177 

Mechanistic drivers of phenological change  178 

The normalized accumulation rate of Chl ( 𝑟 ) is determined by the growth and loss of 179 

phytoplankton throughout the water column (including cell division, predation by zooplankton, 180 

aggregation, mortality, etc.), changes in Chl:C ( 𝜃 ) (photoacclimation, the physiological 181 

response of phytoplankton), and a dilution effect due to surface mixed layer (ML) deepening, 182 𝑟 ≡ 1𝑐ℎ𝑙 𝑑 𝐶ℎ𝑙𝑑𝑡 ≈ 𝜇 − 𝑙 + 𝑑 ln(𝜃)𝑑𝑡 − 𝑑 ln(ℎ)𝑑𝑡 ,  (1) 

where ℎ indicates the ML depth; 𝜇, 𝑙, are phytoplankton growth and loss rates; and 
𝑑 ln(𝜃)𝑑𝑡  is the 183 

temporal changes in Chl:C summed over three phytoplankton groups, after weighting by each 184 

group’s abundance (Equation M3 in Methods).  185 

 186 

For a typical seasonal cycle in the subpolar North Atlantic, a focus of many observational 187 

studies, surface Chl begins to increase in late winter (𝑟 becomes positive) and reaches its peak 188 

in early summer ( 𝑟  becomes zero) (Fig. 3a, b). Projected future shifts to an earlier 189 

phytoplankton bloom initiation are characterized by a positive accumulation rate change (∆𝑟; 190 

defined by future minus present day, Equation. M4) in late winter (Fig. 3b, c). Conversely, for 191 

the peak bloom timing, a positive (negative) ∆𝑟 between the present-day and future conditions 192 

represents a shift to a later (earlier) phasing (Fig. 3b, c). Budget analysis for the accumulation 193 

rate change shows that the dominant terms for the positive ∆𝑟  at bloom initiation are an 194 

increase in growth rate and increase in temporal variation of ML depth in January/February, 195 

while the earlier peak bloom timing (negative ∆𝑟) results from a reduced growth rate in May 196 

(Fig. 3c).  197 
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 198 

By further decomposing the growth rate changes into contributions from temperature, nutrient 199 

and light limitation (see Methods and Supplementary note for complete expressions), we can 200 

attribute variations in the bloom timing to changes in environmental drivers. This was 201 

accomplished by computing the coefficients of a Taylor expansion of the biogeochemical 202 

component of ESM2M (Methods). The change in the growth rate in January/February that 203 

sustains the earlier bloom initiation in the subpolar North Atlantic is mainly sustained by 204 

enhanced light availability (Fig. 3d). On the other hand, the negative changes in growth rate in 205 

May, which causes the earlier bloom peak, result from enhanced nutrient and temperature 206 

limitation (Fig. 3d). The subpolar North Atlantic is within the “warming hole” where the 207 

temperature trend is negative, in contrast to most other ocean regions21, and thus, the bloom 208 

ends earlier, with peak timing shifted due to adverse conditions associated with reduced 209 

nutrient supply and colder temperatures. 210 

 211 

The drivers of shifts in bloom initiation and peak often differ at the local scale (grid-cell) and 212 

across regions. For example, in the eastern subarctic North Pacific, surface warming is the 213 

major driver for both earlier bloom initiation and earlier bloom peak, by increasing growth 214 

rates at the bloom initiation and by increasing predation pressure (i.e., increase in loss rate) at 215 

the bloom peak, respectively (Fig. S3).  216 

 217 

 218 
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 219 

Figure 3. Projected change in net growth period length and its driving processes revealed 220 

by the accumulation rate budget analysis in the North Atlantic (45°W, 55°N). (a) Future 221 

(2080-2100, red lines) and present day (1990-2010, blue lines) annual cycle of the surface 222 

chlorophyll concentration. (b) Term balance of the accumulation rate equation (Equation 1); 223 

accumulation rate (solid thick lines with shades), growth/loss rate difference (solid thin line), 224 

ML depth variation (dashed lines) and Chl:C variation (dotted lines). (c) Accumulation rate 225 

changes (black bars, left axis) and the RHS terms from the accumulation rate budget (colored 226 

bars, left axis, Equation. M4). The growth and loss rate change are shown separately as lines 227 

with shading (right axis). (d, e) Decompositions of growth rate and loss rate change into 228 

changes in environmental drivers. Dark gray bars are the sum of all terms of the RHS of the 229 

Taylor decompositions (Equation. M5 and M6). Light gray shades in all panels indicate the 230 

bloom initiation/peak timing differences between present-day and future. All line shadings are 231 

the range of one standard deviation of 30 ensemble members. 232 

 233 

 234 

 235 

Regional differences of the dominant driver 236 

The largest contributions to the accumulation rate budget for individual biomes are shown in 237 

Fig. 4, where we have estimated the relative contributions of the processes as the ratio of (i) 238 

the time integrated RHSs of Equation M4, to (ii) those of accumulation rate change (LHS in 239 

Equation M4), over the period between future and present-day bloom initiation/peak timing 240 
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(e.g., gray shaded periods in Fig. 3). In almost all ocean regions, contributions from changes 241 

in growth and loss rates are the dominant terms of the accumulation rate changes that induce 242 

bloom timing shifts (Fig. S5). The individual growth and loss rate changes are large enough 243 

that each one alone could greatly alter the timing of the bloom peak. However, these two 244 

contributions nearly mirror each other, reflecting the fact that phytoplankton growth and 245 

predation by zooplankton are tightly coupled in this model. This compensation can be seen in 246 

the analysis of the changes in the bloom initiation (Fig. S4). Previous studies have shown that 247 

this tight coupling can be seen in observations and plays important role in explaining 248 

climatological features of the phytoplankton bloom and its interannual variability19,25.  249 

 250 

While phytoplankton growth and loss rates are tightly coupled, there are slight differences of 251 

the changes in growth and loss rate (∆𝜇 − ∆𝑙). This trophic level decoupling is the main 252 

mechanism for the shift of the peak bloom timing and initiation in almost all ocean regions 253 

(Fig. 4). In the oligotrophic mid-latitude ocean, the phytoplankton physiological response 254 

(temporal changes in Chl:C) is often the secondary, or even primary, process sustaining shifts 255 

in bloom peak timing, in agreement with previous results from observational and modeling 256 

studies focused on interannual time scales37. Over parts of the Southern Ocean and the North 257 

Atlantic, the dilution effect strongly alters bloom initiation, reflecting the large ML depth 258 

changes in these regions by the end of the 21st century (Fig. S8c). The anti-correlation of the 259 

contributions of temporal changes in ML depth and Chl:C (Fig. 4b, d, S4d, e and S5d, e) reflects 260 

the physiology of photoacclimation, by which light-limited phytoplankton (i.e., deepening ML) 261 

would increase their Chl:C. 262 

 263 

Contributions of changes in environmental drivers, decomposed from growth/loss rate changes 264 

in the bloom peak timing and initiation, reveal that each driver has distinct spatial footprints 265 
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(Fig S6 and S7), and the dominant driver over each ocean region also differs (Fig. 5). Bloom 266 

initiation often occurs earlier due to reduced light and temperature limitations on growth 267 

(except for IO_EQU). On the other hand, increased predation pressure (due to increase 268 

temperature and biomass abundance) can shift bloom peak timing earlier in many regions (e.g., 269 

NP_SPSS and SH_ICE), while enhanced growth rate (due to increased temperature) delays the 270 

bloom peak in others (e.g., SA_STSS and SA_STPS). In the Arctic Ocean (NH_ICE), where 271 

relatively early emergence of the change in the bloom phenology is identified, the main driver 272 

of the earlier initiation is enhanced light availability (Fig. 5a), as conceptually described in a 273 

previous study38. An earlier peak follows the earlier initiation, as the bloom will experience 274 

stronger predation pressure associated with abundance of phytoplankton biomass (Fig. 5b). As 275 

a result, despite the bloom starting earlier, the net growth period length is reduced due to larger 276 

shifts in the peak timing. 277 

 278 
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 279 

Figure 4. Relative contributions of three driving processes of shifts in (a, b) bloom 280 

initiation and (c, d) bloom peak timing, through application of the accumulation rate 281 

budget analysis. (a, c) Largest contribution(s) in each biome among decoupling of changes in 282 

growth and loss rate (∆𝜇 − ∆𝑙), change in ML depth variation (∆ 𝑑ln(ℎ)/𝑑𝑡) and change in 283 

Chl:C variation (∆ 𝑑ln(𝜃)/𝑑𝑡)). The largest contribution(s) in each biome indicate that the 284 

term dominantly contributes to accumulation rate change in more than 30 % area of the biome. 285 

(b, d) Zonally averaged relative contributions of three driving processes to the accumulation 286 

rate change. Line shadings indicates the range of one standard deviation of the 30 ensemble 287 

members. 288 

 289 

 290 

 291 

 292 

 293 

 294 
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 295 

Figure 5. Dominant environmental drivers of future phytoplankton growth and loss rate 296 

changes at (a) the bloom initiation and (b) bloom peak timing. In the regions where the 297 

growth/loss rate change dominate the accumulation rate changes (Fig. 4), Growth-T, Growth-298 

N, and Growth-L indicate that changes in temperature, nutrient, and light limitation, 299 

respectively, have the largest contribution to causing the growth/loss rate changes, that is, 300 

shifting the bloom timing. Similarly, Loss-T and Loss-P indicate that loss rate changes due to 301 

temperature and biomass abundance change, respectively, have largest contribution to shifting 302 

the timing. The dominant driver(s) in each biome indicate that the change in the driver 303 

dominates the growth/loss change in more than 20 % area of the biome. Dots superposed on 304 

biomes indicate regions where the other contributions (Chl:C variation changes or ML 305 

variation change) are comparable to the contribution from decoupling of growth/loss rate 306 

change in Fig. 4a and 4c. Dominant drivers in the biomes where these show statistically 307 

insignificant trends (Fig. 2a and 2b) and growth/loss rate change is not important (Fig. 4a and 308 

4c) are not shown (white shading).  309 

 310 

 311 

 312 

Discussion 313 

Overall, warming operates as a major driver for future shifts in both bloom initiation and peak 314 

timing, through changing growth and loss rates over most of the mid- to low latitudes and parts 315 

of the high latitudes (blue and light blue in Fig. 5). Thus, drivers of phytoplankton phenology 316 

shifts can be distinct from general nutrient limitation drivers of projected annual mean NPP 317 

changes over the same regions30,39. While phase shifts in bloom initiation are largely driven by 318 

changes in growth rates, increased predation pressure by zooplankton (top-down control) 319 

provide an important contribution to shifts in bloom peak timing over much of the global ocean. 320 

An implication with particular importance for observational studies is that bottom-up controls 321 

represent a necessary but not sufficient account for phenology changes, and that substantial 322 

roles for zooplankton and physiological responses of phytoplankton (Chl:C), which are 323 
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generally difficult to assess in observational studies, are a complementary and necessary 324 

component of a mechanistic account.  325 

 326 

As our analytic framework is anchored in quantifying biomass accumulation budgets, we were 327 

able to deconvolve the underlying drivers, in contrast to simple correlation based analysis. 328 

Within this framework, our results indicate that the light-limitation mechanism for controlling 329 

bloom initiation at the heart of the Sverdrup hypothesis is only dominant over limited regions 330 

(Growth-L in Fig. 5a). Even there, light limitation changes are mediated not only through ML 331 

changes (i.e., enhanced stratification), but also through changes in incident solar radiation at 332 

the sea surface, with regional dependence (Fig. S8). As an example of the diversity of drivers 333 

identified here, the highly productive subarctic North Pacific and subpolar North Atlantic both 334 

exhibit earlier bloom initiation, but for different reasons. Whereas enhanced light availability 335 

is one of the main drivers for the shift in the subpolar North Atlantic, the main driver over the 336 

subarctic North Pacific is enhanced growth due to warming. As stratification changes are 337 

almost always concurrent with surface warming and enhanced light availability, these results 338 

underscore the inherent limitations of correlation-based diagnostics for quantitative attribution 339 

of changes in bloom initiation. 340 

 341 

Outlook 342 

Our study identified substantial changes in marine phytoplankton phenology in a Large 343 

Ensemble conducted with an individual Earth system model (GFDL-ESM2M). The large 344 

ensemble enabled us to evaluate both the forced ocean biogeochemical response to climate 345 

change (signal) and the intrinsic background natural variability (noise), and thereby to also 346 

evaluate when such changes might robustly occur. The changes in the phytoplankton bloom 347 

initiation and peak timing, and the resulting changes in the net growth period length, are 348 
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spatially heterogenous. The spatial heterogeneity reflects a delicate balance between the 349 

transient behavior of phytoplankton themselves and the individual underlying abiotic drivers, 350 

resulting in the shifts in bloom timing in this model. Phytoplankton phenological changes are 351 

weakly emergent over decadal timescales even after biome aggregation, indicating a stringent 352 

need for sustained observations over multiple decades and over broad regions for detection of 353 

secular trends. Nevertheless, model uncertainty of physical and ecological processes can be 354 

large40, and it is our hope that our study motivates further work to advance representation of 355 

processes that sustain marine growing season characteristics. 356 

 357 

Our main finding is that trophic level decoupling in response to anthropogenic forcing is the 358 

main mechanism for both expanded and compressed future changes in net growth period length. 359 

In high latitude regions, our results stand in contrast to the terrestrial biosphere, where 360 

phenological changes are anticipated to shift more uniformly to expanded growing seasons as 361 

a forced response to anthropogenic warming and CO2 fertilization. This remarkable difference 362 

reflects the fact that, in the ocean, warming sets in motion a number of interacting perturbations 363 

that encompass both bottom-up and top-down drivers, with the balance between these drivers 364 

playing out quite differently in different biome regions.  365 

 366 

Since phytoplankton are crucial for fixing energy at the base of the food web, these results are 367 

expected to have broad repercussions for ecosystem and food security through trophic 368 

mismatches with the seasonal phasing of spawning in higher trophic levels2. Moreover, the 369 

seasonal shifts in the timing of carbon fixation by phytoplankton are independent from shifts 370 

in the seasonal cycle of temperature and mixing, which may have important consequences for 371 

modulating ocean CO2 uptake and ocean acidification. These results should motivate and 372 
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inform both observational and modeling efforts to explore the implications of phytoplankton 373 

changes for higher trophic levels and fisheries. 374 

  375 
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Methods 376 

Model and observational data 377 

The 30-member ensemble simulation used in this study was conducted with the Geophysical 378 

Fluid Dynamics Laboratory Earth System Model 2 (GFDL-ESM2M31,32) under historical 379 

(1950–2005) and RCP8.5 (2006–2010) pathways over 1950-2100. The initial conditions for 380 

individual ensemble members 2–30 (the 1 January 1950 conditions) were the chosen as the 381 

model state of the first ensemble member on January 2nd to 30th, 1950. The model runs 382 

presented here share the initial conditions, model version, and forcing with the results presented 383 

by a previous study33 but differ in that they were performed on a separate computing 384 

architecture and thereby differ member-by-member in their statistical (but not mean state) 385 

characteristics. The ocean biogeochemical component of the ESM2M (Tracers of Ocean 386 

Phytoplankton with Allometric Zooplankton code version 2; TOPAZ2) has three 387 

phytoplankton and one zooplankton groups and explicitly calculates a chlorophyll-caron ratio 388 

(CHL:C) from background light, nutrient, and temperature conditions. Comparison of ESM2M 389 

and other CMIP5 models with observations, in terms of the ocean biogeochemistry, has been 390 

documented for historical41 and RCP8.542 simulations. We used daily means of surface Chl for 391 

detecting future changes in the bloom timing and monthly outputs of other ocean physical and 392 

biogeochemical fields for calculating the more extensive budgets over the time period of 1990–393 

2100.  394 

We also used a satellite-derived daily ocean surface Chl product43 to validate model 395 

representations of phytoplankton bloom phenology (Fig. S1). Missing data due to cloud cover 396 

and the polar night are linearly interpolated along the time axis, except for the data gaps that 397 

lasts more than 14 days. All model and observational daily data are low-passed filtered by a 398 

Lanczos filter with a 20-day half power period before calculating the bloom timings, to remove 399 
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a transient spike response of the phytoplankton to atmospheric storm timescales and ocean 400 

mesoscale perturbations which are not the target of this study. In Fig. S1, to fairly compare the 401 

model data with the observations, we first resampled Chl from individual ensemble members 402 

using observational information of missing data grids. Subsequently, the same processing 403 

(linear interpolation and time filtering) was performed on the resampled model data and the 404 

following phytoplankton bloom metrics were computed. We wish to note that, with the 405 

exception of Figure S1, all analyses have been done without the resampling process in order to 406 

be consistent along the time-dimension of the model output from year 1990 to the end of the 407 

simulation (year 2100).   408 

 409 

Phytoplankton bloom definition 410 

To calculate phytoplankton bloom initiation and peak timing, we apply the accumulation rate 411 

(𝑟 ≡ 𝑑 ln(𝐶ℎ𝑙)𝑑𝑡 ) based definition27 for daily surface Chl data. We used the surface values rather 412 

than depth-averaged or depth-integrated values to be able to compare a broadly observable and 413 

well-established quantity provided by satellite measurements, although the total mixed layer 414 

Chl or phytoplankton biomass itself is a more appropriate metric for the representation of 415 

temporal variation19. In an annual cycle, the bloom initiation (peak) is defined as the time when 416 

the accumulation ratio becomes positive (negative) and the difference between the peak and 417 

the initiation gives net growth period length. To avoid artificial bloom timing jumps due to 418 

discontinuities in calendar dating, the annual cycle is defined as twelve months centered about 419 

the maximum day of climatological surface Chl in the annual calendar cycle at each grid point. 420 

We first obtain the peak timing within the annual cycle at each grid point with the natural 421 

logarithm of Chl time series. We then use the corresponding accumulation rate (𝑟) time series 422 

to back-search for consecutive 14 day intervals with negative accumulation, representing a 423 
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non-bloom periods. We defined the transition from bloom periods (positive 𝑟) to non-bloom 424 

period (negative 𝑟) as the bloom initiation.  425 

In the case that there are more than two peaks of surface Chl in an annual cycle, we chose the 426 

largest one to represent the bloom at the grid point. In a few ocean regions, blooms identified 427 

in our model analysis are thus different from the observed annual maximum bloom. For 428 

example, in the subpolar band of the Southern Ocean, the modeled annual maximum bloom 429 

occurs in autumn (greenish zonal band in the Southern Ocean in Fig. S1d), although in 430 

observations it is rather the spring bloom.  431 

 432 

 Accumulation rate budget analysis 433 

 Under the assumption that Chl advection and diffusion terms are negligible over spatial and 434 

temporal scales of 100 km and 1 month, respectively, we start from the conservation equation 435 

for phytoplankton biomass (𝑃𝑖) in the mixed layer;  436 

to derive an equation for computing the budget of Chl, where 𝜇 , 𝑙 , and ℎ  indicate the 437 

phytoplankton growth rate, loss rate, and ML depth, respectively, and the subscript 𝑖 represents 438 

phytoplankton groups in the model (small phytoplankton, large phytoplankton, and diazotroph). 439 

Subsequently, the conservation equation is rewritten as a vertical one-dimensional 440 

phytoplankton biomass equation44,45,  441 

Assuming the water is well mixed within the ML, the biomass concentration at the surface is 442 

identical to the concentration averaged over the ML. Sea surface biomass concentration can 443 

vary with its growth (cell division) and its loss (zooplankton grazing, aggregation, mortality 444 

etc.) in the ML. Additionally, entrainment of biomass-free water from below through ML 445 

𝑑𝑃𝑖ℎ𝑑𝑡 = (𝜇𝑖 − 𝑙𝑖) 𝑃𝑖ℎ, (M1) 

𝑑𝑃𝑖𝑑𝑡 = (𝜇𝑖 − 𝑙𝑖) 𝑃𝑖 − 𝑃𝑖ℎ 𝑑ℎ𝑑𝑡 . (M2) 
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deepening can dilute the ML biomass concentration. Here, the effect is parameterized as 446 

follows; 447 

𝑑ℎ𝑑𝑡 = {  𝑑ℎ𝑑𝑡    (𝑑ℎ𝑑𝑡 > 0; 𝑑𝑒𝑒𝑝𝑒𝑛𝑖𝑛𝑔)0   (𝑑ℎ𝑑𝑡 ≤ 0; 𝑠ℎ𝑜𝑎𝑙𝑖𝑛𝑔) .  

Using the chlorophyll to carbon ratio (𝜃𝑖 = 𝐶ℎ𝑙𝑖𝑃𝑖 ), the phytoplankton biomass equation can be 448 

rewritten to the form of Equation (1) in the Main text,  449 

𝑑 ln(𝐶ℎ𝑙)𝑑𝑡 ≡ 𝑟 = ∑ ((𝜇𝑖 − 𝑙𝑖) + 𝑑 ln(𝜃𝑖)𝑑𝑡 ) 𝛾𝑖3𝑖=1 − 𝑑 ln(ℎ)𝑑𝑡 , (M3) 

where 𝐶ℎ𝑙 is the sum of the chlorophyll concentration of three groups (𝑐ℎ𝑙 = ∑ 𝐶ℎ𝑙𝑖3𝑖=1 ), and 450 𝛾𝑖 represents the concentration ratio of each group (𝛾𝑖 = 𝐶ℎ𝑙𝑖/𝐶ℎ𝑙). For convenience, in the 451 

Main text, summations of the changes in growth and loss rate, and Chl:C variations over the 452 

three phytoplankton groups are expressed without the subscript 𝑖.  453 

Based on this equation, accumulation changes from present day to future (∆𝑟) are described as 454 

the sum of four terms; change in growth rate, loss rate, time rate of change in the Chl:C, and 455 

time rate of change in the ML depth,  456 ∆𝑟 = ∑ ∆(𝛾𝑖𝜇𝑖)3𝑖=1 + ∑ ∆(𝛾𝑖𝑙𝑖)3𝑖=1 + ∑ ∆ (𝛾𝑖 𝑑 ln(𝜃𝑖)𝑑𝑡 )3𝑖=1 − ∆ 𝑑 ln(ℎ)𝑑𝑡   

≡ ∆𝜇 − ∆𝑙 + ∆ 𝑑 ln(𝜃)𝑑𝑡 − ∆ 𝑑 ln(ℎ)𝑑𝑡 . 

(M4) 

All terms in the accumulation rate budget analysis are calculated at individual grid points 457 

before aggregating across biomes.  458 

 459 

Decomposition of growth/loss rate change 460 

In the TOPAZ2 biogeochemical component of GFDL-ESM2M, the phytoplankton growth rate 461 

is a function of temperature, nutrient, and light limitation terms (𝑇𝑙𝑖𝑚, 𝑁𝑙𝑖𝑚, and 𝐿𝑙𝑖𝑚), and the 462 

loss rate is described as a function of temperature limitation and the abundance of 463 
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phytoplankton biomass (𝑇𝑙𝑖𝑚 and 𝑃𝑖). Model parameters are assigned for each phytoplankton 464 

group and then the limitation terms are calculated separately so that the Taylor expansions of 465 

the total growth rate (∆𝜇) and loss rate (∆𝑙) are expressed as follow (See also supplementary 466 

note);  467 ∆𝜇 = ∑ ∆(𝛾𝑖𝜇𝑖)3𝑖=1 ≈ ∑ 𝛾𝑖 𝜕𝜇𝑖𝜕𝑇𝑙𝑖𝑚 ∆𝑇𝑙𝑖𝑚3𝑖=1 + ∑ 𝛾𝑖 𝜕𝜇𝑖𝜕𝐿𝑖𝑙𝑖𝑚 ∆𝑁𝑖𝑙𝑖𝑚3𝑖=1 +
∑ 𝛾𝑖 𝜕𝜇𝑖𝜕𝐿𝑖𝑙𝑖𝑚 ∆𝐿𝑖𝑙𝑖𝑚3𝑖=1 + Residual, (M5) 

∆𝑙 = ∑ ∆(𝛾𝑖𝑙𝑖)3𝑖=1 ≈ ∑ 𝛾𝑖 𝜕𝑙𝑖𝜕𝑇𝑙𝑖𝑚 ∆𝑇𝑙𝑖𝑚3𝑖=1 + ∑ 𝛾𝑖 𝜕𝑙𝑖𝜕𝑃𝑖 ∆𝑃𝑖3𝑖=1 + Residual. (M6) 

Residuals in the above equations include contributions from changes in the chlorophyll 468 

concentration ratio (𝛾𝑖) and other higher order terms, but tend to be minor overall (Fig. S6 and 469 

S7). Partial derivatives of the growth (loss) rate with respect to temperature, nutrient, and light 470 

limitation (temperature limitations and biomass) are computed analytically using model 471 

equations (Supplementary note).  472 

  473 
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