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Abstract  17 
 18 
Microbes are the foundation of marine ecosystems (Falkowski et al. 2008 The microbial 19 

engines that drive Earth's biogeochemical cycles. Science 320:1034-1039). Until now, the 20 

analytical framework for understanding the implications of ocean warming on microbes has 21 

not considered thermal exposure during transport in dynamic seascapes, implying that our 22 

current view of change for these critical organisms may be inaccurate. Here we show that 23 

upper ocean microbes experience along-trajectory temperature variability up to 10°C greater 24 

than seasonal fluctuations estimated in a static frame, and that this variability depends 25 

strongly on location. These findings demonstrate that drift in ocean currents can increase the 26 

thermal exposure of microbes and suggests that microbial populations with broad thermal 27 

tolerance will survive transport to distant regions of the ocean and invade new habitats. Our 28 

findings also suggest that advection has the capacity to influence microbial community 29 

assemblies such that regions with strong currents and large thermal fluctuations select for 30 

communities with greatest plasticity and evolvability, and communities with narrow thermal 31 

performance are found where ocean currents are weak or along-trajectory temperature 32 

variation is low. Given that fluctuating environments select for individual plasticity in 33 

microbial lineages and that physiological plasticity of ancestors can predict the magnitude of 34 

evolutionary responses of subsequent generations to environmental change (Schaum and 35 
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Collins 2014 Plasticity predicts evolution in a marine alga. Proc. R. Soc. B 281: 20141486), 36 

our findings suggest that microbial populations in the sub-Antarctic (~40°S), North Pacific 37 

and North Atlantic, will have most capacity to adapt to contemporary ocean warming. 38 

 39 

Significance Statement 40 

Our current understanding of how marine biota are adapted to magnitudes, trends and 41 

temporal patterns of variability in sea surface temperature has arisen from examining long-42 

term records at key ocean locations. However, floating plankton have a different perception 43 

of their habitat because they drift in ocean currents. Here we show that upper ocean microbes 44 

can be advected up to 3,500 km in latitude in 500 days, and that their operational 45 

temperatures exceed the in situ Eulerian temperature range by up to 10 °C, even in locations 46 

with strong seasonality. This result revises the present view of thermal exposure in the upper 47 

ocean, and provides a new framework for investigating climate change impacts on planktonic 48 

organisms. 49 

\body  50 

Introduction  51 
 52 

Photosynthetic marine microbes, otherwise known as phytoplankton, underpin all of the 53 

production-based ocean ecosystem services, and impact on human health and wellbeing 54 

through their regulation of climate (1), formation of harmful algal blooms (2) and support of 55 

biodiversity at multiple dimensions and trophic levels (3). Heterotrophic microbes, including 56 

bacteria, archaea and eukaryotes, are also critical for ocean functioning, being the dominant 57 

remineralisers of organic matter and key players in the Earth’s biogeochemical cycles (1,4). 58 

Depending on the CO2 emissions scenario, the surface ocean is predicted to warm 2–4°C on 59 

average by 2100 (5). Because microbes demonstrate a steep decline in growth at temperatures 60 

exceeding their optimum (6,7,8,9,10), such warming has the potential to affect the 61 

distribution and diversity of marine microbes through exceedance of thermal limits and 62 

changes in fitness, with cascading impacts to ecosystem services (11,12). 63 

 64 

However, by virtue of their large population sizes, relatively rapid reproduction, and high 65 

diversity, microbes have considerable potential to mitigate negative consequences of past and 66 

present ocean change through phenotypic plasticity (acclimation) and adaptive evolution 67 

(genetic change). Until now, our understanding of how microbial communities will be 68 
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reorganized under contemporary ocean change has developed from empirical studies 69 

involving examination of the current geographic distribution of microbial taxa and their 70 

relationships with temperature and other environmental parameters (8,10,13), laboratory 71 

investigations that measure performance of microbial ecotypes (thought to be representative 72 

of populations) under different conditions (6,7,9,14), and modelling studies which use 73 

microbial traits describing resource (e.g., nutrients, light) utilization to estimate fitness and 74 

predict future distributions of microbes under projected ocean change (15,16,17). The 75 

limitation of these studies is that microbial traits are assumed to be constant during model 76 

runs, so the microbes themselves are not responding to changes in their environment (18). 77 

However, there is increasing evidence that photosynthetic microbes are altering their realized 78 

niches in response to contemporary changes in ocean temperature and irradiance (19), and 79 

that the geographic origin of microbial ecotypes influences their plasticity (capacity for 80 

physiological acclimation) (9,20), as well as adaptation (21) at the population level 81 

(potentially via increased rate of mitotic mutations) (22), with some ecotypes tolerant of a 82 

broad range of temperature, and others more thermally specialized (7). Microbes generally 83 

experience the ocean as a viscous medium (23), and their motion is therefore predominantly 84 

determined by drift with ocean currents (noting that some taxa are motile or regulate their 85 

buoyancy) (24). As a result, their habitat temperatures are highly dynamic and cannot be 86 

described assuming a fixed location. This means there currently is no clear global estimate of 87 

the thermal history of marine microbes, making it difficult to understand their realised 88 

thermal niche and relate this to their performance under controlled (typically stable) 89 

experimental conditions, let alone predict the impact of a 2–4°C projected rise in mean ocean 90 

temperature. 91 

 92 

Thus, in order to advance our understanding of marine microbial acclimation and adaptation, 93 

and to determine which microbes can keep pace with rates of contemporary ocean change, a 94 

spatially explicit understanding of temperature exposure from the perspective of the moving 95 

organism is critical (25). This requires examining the temperature experienced by marine 96 

microbes in a Lagrangian (drift) framework. 97 

 98 

Results 99 

 100 
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We used a global three-dimensional circulation model OFES (Ocean model for the Earth 101 

Simulator) with a 1/10 o horizontal resolution to characterise the inter-generational 102 

temperature exposure of upper ocean microbes. This model has previously been used to study 103 

neutral evolution of bacteria (26) and drift of foraminifera (27). Virtual microbes were 104 

released across the global ocean on a 2o x 2o grid at a depth of 10 m every month for the years 105 

1981–2007, for a total of 2.9 million particles (360 particles per grid cell). Their position in 106 

the ocean was tracked (backwards in time) for 500 days prior to their arrival at their 107 

destination grid, and their thermal histories were averaged for analysis, using the well-108 

established and open-source Connectivity Modeling System (28). This software has been 109 

extensively validated (e.g., in ‘physical oceanography mode’ the amount of water carried by 110 

particles through the Indonesian Throughflow very closely resembles the Eulerian flux 111 

through the straits; 29) and is widely used in both physical oceanography and marine ecology 112 

and biology studies (30,31,32). We compared the magnitude of virtual particle velocities, 113 

based on the trajectories at each grid cell, with observed drifters in the ocean (33). Comparing 114 

our trajectories and that of actual drifters, we find good agreement, both in the magnitude of 115 

speeds, as well as their locations (i.e., low velocities in the middle of the gyres as well as high 116 

velocities in the western boundary currents; figure S1).A random selection of trajectories is 117 

illustrated in figure S2.  118 

 119 

Our rationale for backtracking to 500 days is that the adaptation capacity of microbes to 120 

future ocean conditions has been examined in vitro for up to 500 generations (21) and the 121 

average reproductive rate (i.e., timescale of one generation) of a unicellular alga is in the 122 

order of one vegetative cell division per day at 20 °C (34). For comparison, we also 123 

undertook the analysis for 50, 150 and 250 days. In each analysis, the thermal history of a 124 

microbial population is therefore between 50 and 500 days, with only one cell out of each 125 

generation needing to survive and reproduce.  There are two implications of advection: (i) 126 

that during its path, a microbial genotype which undergoes a temperature shift beyond its 127 

upper or lower thermal limit may be adversely impacted due to a shortfall in physiological 128 

plasticity or inability to produce phenotypes across multiple environments (i.e., is a thermal 129 

specialist); and (ii) that a microbe retrieved from the ocean is adapted not for the local 130 

environmental circumstance, but rather to the circumstances experienced during its upstream 131 

trajectory (while noting that microbes in some regions of the global ocean undergo mainly 132 

zonal rather than meridional transport, and therefore experience more limited thermal 133 
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fluctuations. Here, we will show what impact this may have on the thermal life strategy of 134 

ocean microbes.  135 

 136 

Our results demonstrate that virtual microbes are advected up to 3,500 km in latitude in 500 137 

days, with particles that arrive in the extensions of the western boundary currents in the 138 

subtropics having moved the greatest distances (figure 1a; see figure S3 for other measures of 139 

drift distance). As expected, the longer the time frame, the greater the range of temperature 140 

experienced (figure S4). However, our analysis also reveals that in some regions (e.g., eastern 141 

Pacific, eastern Indian, Benguela and Canary Upwellings) the thermal exposure is higher in a 142 

Lagrangian compared to Eulerian frame, at all time scales analysed (figure S4). This 143 

advection means that the distribution of different microbial genotypes (and phenotypes within 144 

species) spans a large range, and that the temperature experienced by drifting microbes can 145 

be significantly different from simple location-specific predictions, with microbes arriving in 146 

the extensions of the western boundary currents exposed to an average temperature up to 6°C 147 

warmer than the local in situ temperature (figure 1b). In contrast, microbes on the northern 148 

flank of the Antarctic Circumpolar Current have an average temperature exposure of up to 149 

6°C colder than the local in situ temperature. Both these offsets can be explained by 150 

advection in ocean currents. Western boundary currents transport tropical microbes poleward, 151 

so that their mean temperature exposure is higher than the local latitudinally predicted in situ 152 

temperature. In contrast, the Ekman transport in the Antarctic Circumpolar Current pushes 153 

polar microbes equatorward and consequently their mean temperature exposure is lower than 154 

the local in situ temperature.  155 

 156 

Given that the rates and modes of acclimation or adaptation for biota are determined not by 157 

average environmental conditions, but by the extent of environmental variability (35,36) 158 

(along with longevity, life-history and other traits), our Lagrangian analysis also reveals that 159 

the temperature fluctuation for microbes along a 500 day trajectory (figure 2b) can be 160 

significantly different from the in situ Eulerian temperature range (i.e., compared to if they 161 

didn’t move; figure 2a), suggesting that the realised thermal niche (as well as geographic 162 

range) of microbial ecotypes may be broader than currently estimated. Figure 2c shows that 163 

the temperature fluctuations experienced by 500-day advected microbes significantly exceed 164 

the annual range of temperature almost everywhere, even in locations with strong seasonality 165 

(e.g., North Atlantic Ocean). Thermal variability is up to 10°C higher for microbes in a ~10° 166 
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latitudinal band from 40°S to 50°S in the Southern Ocean and the North Atlantic, and up to 167 

4°C in the tropics and on the eastern sides of the subtropical gyres. Analyses over shorter 168 

time frames reveal greater patchiness, with smaller differences in thermal exposure between 169 

fixed and moving particles (figure S4). Nonetheless, the inter-generational exposure of 170 

microbes over 500 days indicates that thermal histories of microbes exceed seasonal ranges 171 

by 10°C in some locations, a result that revises our present view of thermal exposure in the 172 

surface ocean, and suggests that for the majority of ocean locations, projected changes in 173 

thermal regimes are within the range of temperatures already experienced by drifting 174 

microbes. We therefore anticipate this result will shift current thinking about risks of ocean 175 

warming and that consideration of drift trajectories will advance understanding of direct 176 

temperature effects on microbes and other plankton. Because all enzymatic rates are affected 177 

by temperature, thermal tolerance of advected organisms is not lineage-specific, and likely 178 

involves genome-wide changes, with growth in a new thermal regime requiring maintenance 179 

of critical cellular processes. Furthermore, for microbes, temperature adaptation is distinct 180 

from adaptation to other environmental variables, whereby a horizontally transferred gene or 181 

operon could allow acquisition of new resources (10).  182 

 183 

Combining the distance travelled with the fluctuation in temperature along microbial 184 

trajectories, we then build a global view of microbial habitats in the surface ocean. Figure 3 185 

shows that microbes arriving in the low latitudes are advected long distances (> 1,240 km of 186 

latitude in 500 days, the global median) but experience relatively low thermal variation (< 187 

6.5°C, the global median of temperature range). Similarly, microbes south of the Antarctic 188 

Circumpolar Current in the Southern Ocean experience low thermal variation but travel 189 

relatively short distances, as they mostly get recirculated in the Ross and Weddell gyres. 190 

However, in most of the mid latitudes, temperature variability is relatively high (> 6.5°C) 191 

with microbes having the potential to travel more than 1,240 km in 500 days. Evidently, 192 

microbes experience both heating and cooling along their trajectories (figure S5), at variable 193 

rates depending on their location (figure S6). Across the 2.9 million trajectories in our study, 194 

the most rapid heating and cooling (at more than 4°C per day, sustained over a 5 day period) 195 

was for microbes arriving in the North Atlantic (figure S7), with a strong spatial agreement 196 

between regions of strong air-sea heat fluxes (37) and rapid cooling and warming. To our 197 

knowledge, there have been no experiments to date that examine fitness of microbes under 198 

such rapid, but transient, temperature changes. 199 
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 200 

Discussion 201 

 202 

The thermal trajectories of microbes do more than contextualise the projected 2–4°C rise in 203 

mean ocean temperature during the next century. Our results reshape the present view of 204 

temperature experienced by upper ocean microbes, indicating that realized thermal niches are 205 

wider than previously thought. Furthermore, the along-trajectory temperature exposure of 206 

microbes has important implications for microbial life strategies and the assembly of 207 

microbial communities. Drifting communities experiencing large variations in temperature 208 

are under selection to be plastic (genotypes produce variable phenotypes in response to 209 

environmental conditions) or generalists (entrained genotypes produce invariable phenotypes 210 

over multiple environments), resulting in broad thermal tolerance compared to communities 211 

from stable environments that are more likely to be thermal specialists (36,38). Based on 212 

empirical evidence from laboratory experiments, plasticity in an ancestral population is a 213 

good predictor of eventual evolutionary responses in subsequent generations, suggesting that 214 

populations in fluctuating environments are also more adaptable (35). 215 

 216 

While there have been previous studies of microbes using Lagrangian floats and profilers (39, 217 

40, 41), this is the first to provide a spatially explicit understanding of temperature exposure 218 

of pelagic microbes in the context of plastic and evolutionary responses to contemporary 219 

ocean change. Our analysis shows that the proportion of the global ocean showing greater 220 

thermal exposure of drifting versus stationary microbes increases with time (figure S4). At 221 

500 days, there are only a few locations (e.g., Southern Ocean centered around 60˚S, 222 

northwestern Pacific and Atlantic) that show more limited thermal exposure of microbes in a 223 

Lagrangian compared to Eulerian frame (figure 2). It also reveals that thermal trajectories are 224 

complex (figure S6)—they don’t monotonically increase or decrease, rather they fluctuate, 225 

some with high variability and others with low variability (figure 3). Thus, as microbes are 226 

transported through this variable seascape, they are effectively under selection because 227 

populations must be able to deal with temperature fluctuation—if it exceeds their capacity, 228 

they die. We make no assumptions about other losses (e.g., grazing) or whether cooling or 229 

warming thermal histories (represented as skewness in figure S5) results in better outcomes 230 

with respect to microbial fitness, only that if a population has dealt with temperature 231 

variability in the past, then it has a greater capacity to deal with future temperature change. 232 
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Tolerance of temperature variability in microbial populations arises through constituent 233 

genotypes being plastic or because entrained microbial genotypes produce phenotypes across 234 

multiple environments (i.e., are generalists). Both mechanisms could operate to shape 235 

microbial communities and would apply to phototrophs, grazers and other plankton drifting 236 

in the surface ocean, provided they remain suspended in the upper mixed layer.  237 

 238 

Considering that numerical models are resolving planktonic community composition by the 239 

representation of microbial traits or ecotypes (42), figure 3 therefore suggests the global 240 

ocean can be partitioned into thermal generalist (plastic with relatively high evolutionary 241 

potential) versus thermal specialist selection regimes (high vs low temperature fluctuations, 242 

respectively), and hence provide a guide for where microbial communities will be most or 243 

least stable in the future. Given the distinct thermal optima of polar versus tropical microbes 244 

(7), the global ocean could be further partitioned on the basis of variation around different 245 

mean temperatures, yielding low/high temperature specialists/generalists (table 1). Studies on 246 

macroscopic marine biota indicate that organisms with broad temperature tolerance are more 247 

likely to establish in new habitats (43), suggesting that temperature generalists may become 248 

more prevalent in regions influenced by strong ocean currents. A good example of this is in 249 

western boundary currents, which are intensifying and increasing their polewards extension 250 

with global warming (44). A corollary of this is that thermal specialists with narrower 251 

thermal histories are more vulnerable to temperature change.  252 

 253 

Previous studies have compared the thermal responses of microbial ecotypes according to the 254 

average temperature of their isolation location (6,7,14) and concluded that some microbes are 255 

at greater risk of reduced fitness under future ocean warming because their thermal optima 256 

are closer to their habitat temperature. This is because thermal response curves are 257 

asymmetric, with a sharper decline in fitness at supraoptimal temperature compared to 258 

suboptimal temperature (6,7). However, this study indicates that microbes may experience 259 

large thermal fluctuations as they are being advected in the ocean before they reach their 260 

potential isolation location, suggesting that estimates of microbial fitness in a future ocean 261 

need to consider not only the direction, asymmetry and magnitude of temperature variation 262 

from the thermal optimum, but also the time scale of temperature excursions. Given that in-263 

vitro evolution experiments indicate more plastic individuals evolve more (35), our analysis 264 

provides a framework to test whether natural communities of microbes in the mid latitudes 265 

(figure 3) have greater plasticity and evolutionary potential versus communities from the low 266 
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and high latitudes. Studies on the mechanisms promoting diversity of microbes in the ocean 267 

(45,46) show some consistency with our analysis, supporting the notion that to understand the 268 

assembly of communities at the local scale, it is not enough to understand local resource 269 

availability—transport of populations must be accounted for. Furthermore, this Lagrangian 270 

perspective of planktonic thermal exposure suggests that ocean warming not only has a direct 271 

impact on microbes by influencing metabolism and growth, but also through changes in 272 

ocean circulation which could lead to new transport corridors and the potential for novel 273 

thermal trajectories. 274 

 275 

Materials and Methods  276 

The OFES model (47) is an eddy-resolving model based on the MOM3 ocean code and 277 

forced with NCEP winds. It has a 1/10o horizontal resolution and 54 vertical levels and spans 278 

the global ocean from 75oS to 75oN, and is available on three-day resolution from 1980 to 279 

2010. Virtual microbes were released at 10 m depth every month for the years 1981–2007 on 280 

a 2o x 2o regular grid, yielding a total of 2.9 million particles. These particles were then 281 

tracked backwards in time using the Connectivity Modelling System v1.1 (28). The 282 

Connectivity Modelling System has been extensively tested and widely applied in 283 

oceanographic and biological studies (30,31). In particular, its trajectories have been 284 

explicitly validated in the tropical Pacific (29). The virtual microbes were advected using 285 

only the horizontal velocity fields, and thus did not change depth over the integration. Both 286 

the geographical and local sea surface temperature information was stored on daily temporal 287 

resolution. Maps were produced using the average of the 360 particles released at each grid 288 

location.  289 

 290 

The temperature variation along trajectories was described by computing the average, range, 291 

variability and skewness of local sea surface temperature experienced along their trajectories 292 

by microbes arriving in each grid cell. These along-trajectory temperatures (Lagrangian 293 

temperatures) could then be compared against the average, range and variability of the 294 

temperature within the grid cell (Eulerian temperatures). Distance travelled was also 295 

calculated by computing the path length over the daily locations from the start and end 296 

location of the trajectory.  297 

 298 

To visualise a subset of relevant thermal trajectories (figure S6), we used the isolation 299 

locations of strains in a global compilation of thermal performance curves as our destination 300 
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points (n = 85) (6). Average along-trajectory temperature was plotted over time to illustrate 301 

thermal trajectories of virtual microbes arriving to grid cells. 302 

 303 

Examination of the range of temperature variation (i.e. difference between minimum and 304 

maximum temperature along each trajectory) and distance travelled allowed us to partition 305 

the global dataset into grids containing microbes that had experienced relatively high/low 306 

temperature fluctuation along long/short transport distances. Our temperature and distance 307 

thresholds were chosen using the median values of thermal variation and distance travelled. 308 

This yielded a relatively even number of grid cells split across all categories, but nevertheless 309 

highlights that in absolute terms, microbes experience a large gradient in thermal variation 310 

when they are transported variable distances in ocean currents. 311 

 312 
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 456 
 457 
Figure Legends 458 

Figure 1. Advection of microbial genotypes by ocean currents. (a) The average meridional 459 

(latitudinal) distance travelled by 500-day microbial genotypes. While microbes can be 460 

advected for thousands of kilometres in the global ocean, they are most likely to experience 461 

changes in temperature through meridional rather than zonal (longitudinal) transport. (b) The 462 

offset between the along-trajectory average temperature experienced by the microbes as they 463 

have traveled for 500 days and the local temperature at each grid location. The poleward 464 

flowing western boundary currents carry microbes that have provenances in much warmer 465 

water than where they are found. In contrast, microbes on the northern flank of the Antarctic 466 

Circumpolar Current originate from the cold water close to Antarctica and have been carried 467 

northward by the Ekman transport. 468 
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 469 

Figure 2. Analysis of the temperature variability experienced by microbes. (a) The 470 

average range of temperatures (difference between minimum and maximum) experienced by 471 

microbial genotypes over 500 days if they did not move (i.e. were ‘Eulerian microbes’). The 472 

largest variability, up to 20°C, is seen in the north-western Pacific and Atlantic Ocean. (b) 473 

The average range of temperatures experienced by Lagrangian microbes along their 500-day 474 

trajectories. (c) The difference between panel (b) and panel (a) showing in red/blue the 475 

regions where microbes carried by currents experience greater/lesser temperature variability 476 

compared to stationary microbes. 477 

 478 

Figure 3. Thermal variability and transport distance of microbes in the ocean. Locations 479 

are partitioned based on median temperature range (6.5°C) and median meridional travel 480 

distance (1,240km) to reflect the magnitude of variation in temperature and distance travelled 481 

by microbes advected for 500 days. Map constructed using 2 x 2° grid cells as in the global 482 

ocean circulation model. 483 

 484 
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