
161

Predicting persistence in a changing climate: flow direction and 
limitations to redistribution
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Global climate change is altering environmental suitability 
across species’ ranges (IPCC 2007a), and an increasing 
appreciation that ecosystem responses to climate change are 
complex and widespread (IPCC 2007b) has prompted a 
focus on understanding and predicting biological impacts 
(i.e. either negative or positive effects; Kintisch 2008). Some 
of the most negative impacts are the loss of diversity –  
including genetic, species, and functional – that accompany 
extinctions. Whether populations and species will persist  
at the local and global scale, respectively, depends on their 
abilities to endure future climate shifts. The extinctions that 
have occurred to date (Pounds et al. 1999, Parmesan 2006) 
are minor in comparison to those predicted in the future: 
across 305 terrestrial and marine species, extinction proba-
bility by 2100 has been estimated as 10% and 14% based  
on model simulations and empirical observations, respec-
tively (Maclean and Wilson 2011). As the rate of climate 
change continues to accelerate (IPCC 2007a), there needs  
to be an increasing focus on the underlying biological and 
location-specific characteristics that could allow species to 
avoid extinction (IPCC 2007b, Lawler 2009).

Coping with climate change

Species have a suite of mechanisms that allow them to cope 
with changes in climate, and the degree to which each of 
these is required for persistence depends on the magnitude of 
environmental alteration relative to the species’ tolerance 
limits (Helmuth et  al. 2005, Berg et  al. 2010, Sorte et  al. 
2011). When changed conditions fall within species’ current 
tolerance ranges (i.e. the range of conditions under which 
the population does not decline), no physiological or  
ecological modifications are immediately required for  
persistence. When environmental conditions fall outside of 
species’ tolerance ranges, these physiological limits are  
likely to be expanded via acclimation (adjustments of traits 
that are phenotypically plastic and can change within an 
organism’s lifetime) and/or adaptation (genetic changes 
requiring 1  generations) (Visser 2008). Whether adapta-
tion can keep pace with environmental changes is still  
equivocal, and a growing number of studies show that rates 
of climate change can exceed adaptation abilities (Etterson 
and Shaw 2001, Jump and Peñuelas 2005, Parmesan 2006, 
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Impending climate changes beg the question: which populations and species will go extinct and which will 
persist under future environmental conditions? When tolerance in situ is not possible, then species must 
undergo range shifts to avoid extinction. This synthesis explores ways in which directional air and water  
flow could impede such redistribution and the characteristics that might allow species to disperse against  
the flow. Considering flow patterns in tandem with climate and range projections has the potential to  
improve predictions of persistence for the earth’s many non-moving foundation and basal species as well as 
the communities and food webs that they support.

Predicting which populations and species will persist (i.e. avoid extinction and continue to exist) in the face of climate 
change requires an understanding of mechanisms that allow species to cope with altered environmental conditions. When 
processes of tolerance, acclimation, and adaptation are insufficient to allow persistence in situ, redistribution is required 
for population or species persistence. Here, I review evidence that directional flows of water and air have the potential 
to restrict species’ range boundaries under ambient conditions, the spread of introduced species, and the redistribution 
of native species under changing climatic conditions. I develop the hypothesis that flow patterns, such as the speed and 
directionality (i.e. poleward vs equatorward) of asymmetric air and water currents, may need to be considered when 
assessing the vulnerability of populations and species to climate change. To the degree that directional flows are found 
to limit redistribution, there may be disproportionate losses of diversity where the dominant flow direction opposes that 
of shifting climate space. Within this context, I highlight flow conditions and life-history traits that could help the most 
passively-dispersed species redistribute to track changing climate. These predictions merit further examination in order to 
better anticipate which populations, species, and associated communities are likely to persist under climate change.
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Gienapp et  al. 2008, Visser 2008). Especially where the 
mechanisms above (i.e. tolerance, acclimation and adap
tation) are not sufficient to allow populations to persist, 
regional persistence may rely heavily on the process of redis-
tribution (Helmuth et al. 2005).

Range shifts with climate change have already been  
documented for a number of species (Parmesan 2006,  
Sorte et al. 2010, Chen et al. 2011). Expansions in the pole-
ward and upward directions have been most commonly 
reported (Helmuth et  al. 2006, Parmesan 2006, Sorte  
et  al. 2010); however, documentation of contractions at 
equatorward and low elevation range boundaries is increas-
ing (Moritz et al. 2008, Jones et al. 2010), with even more 
contractions expected if there are lags in local extinctions 
(Anderson et  al. 2009, Berestycki et  al. 2009, Dullinger  
et al. 2012). These observations are verification that climate 
change can both present species with the opportunity  
for expansion of some range boundaries (i.e. into newly  
hospitable habitat) and force contraction of other range 
boundaries where in situ persistence becomes impossible 
(Jackson and Sax 2009).

In addition to highlighting the importance of redistribu-
tion to persistence, because it allows species to track  
changing climate conditions and, thus, maintain climate 
equilibrium, recent range shifts can also be indicative of 
location- and species-specific advantages and limitations  
to redistribution. For example, among the majority of  
plant species surveyed in the European Alps that have  
shifted their altitudinal ranges concurrent with climate 
warming (Lenoir et  al. 2008), species with lighter seeds 
(which are more easily wind-dispersed) had faster rates of 
redistribution (Parolo and Rossi 2008). Similarly, model 
projections reported in Thomas et  al. (2004) showed that 
when dispersal was limited, the number of predicted  
species-level extinctions increased by up to 250%. Dispersal 
mode is, therefore, extremely important to redistribution 
ability, and the persistence of species that do not disperse 
actively – including many plants, algae, and invertebrates – 
could be of particular concern.

Recent evidence suggests that extinction risk associated 
with flow-mediated dispersal limitation could be exacerbated 
under climate change. Here, I develop the hypothesis that 
for many species, an interaction between flow patterns and 
organismal characteristics will determine their abilities  
to redistribute and, thus, persist in the face of changing cli-
mate. In doing so, I identify gaps in the current literature 
and bring together predictions of specific flow conditions 
and species traits that could permit redistribution – particu-
larly where dominant flow patterns do not parallel shifting 
climates – and themselves might be altered with climate 
change. By explicitly considering mechanisms of coping with 
changing climate and potential limitations to these processes, 
we will be poised to better predict future ecological patterns.

Range limitation by dispersal and flow

Whether flow patterns will limit redistribution under cli-
mate change depends partially on their importance in  
setting contemporary range boundaries. Species’ range  
limits may be determined by one or multiple abiotic (e.g.  
temperature or water availability; Normand et al. 2009) or 

biotic factors (e.g. lack of a food source or presence of  
a dominant competitor; Gross and Price 2000). Dispersal 
limitation also plays a likely role for many species (Gaston 
2009). Gaylord and Gaines (2000) showed that directional 
flow patterns can create dispersal barriers that define the 
boundaries of species’ ranges and biogeographic provinces 
(i.e. locations of multiple species’ range limits), and bio
geographic breaks between marine provinces often occur at 
locations of discontinuities in water flow (Hayden and 
Dolan 1976). Flow limitation is particularly evident in 
marine systems: whereas dynamics of terrestrial plant  
systems can sometimes be described using models that 
incorporate only local-scale dispersal (Pacala et  al. 1996), 
marine population models require incorporation of regional-
scale processes due to the relative openness of marine popu-
lations (Roughgarden et al. 1988). However, recent studies 
in terrestrial systems have highlighted instances in which 
long-distance dispersal contributed significantly to gene 
flow and migration (Kinlan and Gaines 2003, Soons et al. 
2004, McLachlan et  al. 2005), indicating the potential  
for dispersal limitation to influence redistribution under  
climate change.

At the species level, however, there are few data on  
range-limiting factors, precluding quantification of the pro-
portion of range boundaries set primarily by dispersal limi
tation. As an approximation, then, we can look to studies 
examining fitness parameters across species’ ranges as indi
cators of range limiting factors because fitness is likely to 
decline near boundaries of species’ ranges that are limited 
predominantly by climate or biotic conditions (Caughley 
et  al. 1988). This approach could also help to discern  
climate from dispersal limitation in the many cases where 
both climate and flow discontinuities are coincident with 
species range limits (Gaylord and Gaines 2000). In a cross-
system review by Sexton et al. (2009), 1/3 of studies found 
no evidence of fitness declines at range margins, and a  
similar proportion of transplant experiments found no  
fitness declines for individuals transplanted beyond the cur-
rent range, indicating that dispersal might be of primary 
importance in setting these species’ range limits.

Dispersal limitation appears to be most important for 
limiting ranges of species that are relatively dependent on 
currents for dispersal (Wares et al. 2001). Again, estimating 
these values requires the use of reasonable proxies, in this 
case, the proportion of species with propagules known  
or assumed to have adaptations for dispersal in wind or 
water. Among studies of woody plants reviewed by Howe 
and Smallwood (1982), tree species adapted for wind disper-
sal ranged from approx. 30–40% and 3–46% in temperate 
and tropical forests, respectively; in the one study that 
included herbaceous and woody plants, 25–28% of species 
exhibited traits indicative of wind dispersal. Kinlan and 
Gaines (2003) report estimates of dispersal distance greater 
than 1 km for 21% of the 19 plant species and 77% of  
the 95 marine species. Therefore, compared to mobile spe-
cies, for which dispersal is less flow-dependent (Bradbury 
and Snelgrove 2001), redistribution potential of a large 
number of plant and marine invertebrate species in an area 
may be largely determined by flow patterns.

The dispersal of species with propagules that are either 
completely non-moving or that move much slower than 
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flow rates of air and water, their dispersal vehicles, may be 
strongly asymmetrical due to directional winds (Brown and 
Hovmøller 2002, Muñoz et  al. 2004, Vanschoenwinkel 
et  al. 2008) and water currents (Gilg and Hilbish 2003, 
Carson et  al. 2011, Zardi et  al. 2011). For these species, 
even in a stable climate, there exists a ‘drift paradox’, the 
incongruous persistence of populations in upstream loca-
tions despite dominant downstream flow (Müller 1982, 
Hershey et al. 1993). A number of studies have used ana-
lytical approaches to address the potential for population 
persistence in asymmetric flow (Speirs and Gurney 2001, 
Pachepsky et  al. 2004, Byers and Pringle 2006, Lutscher 
et al. 2010) or in the situation of changing climatic condi-
tions where the medium is static but appropriate habitat is 
shifting (Potapov and Lewis 2004, Berestycki et al. 2009). 
However, to my knowledge, there has not yet been an  
analytical study of the dual effects of directional flow and 
climate change, particularly which contrasts two broad sce-
narios: parallel versus non-parallel trajectories of flow and 
climate shifts (Fig. 1). The ability of species to not just 
maintain but shift their range boundaries upstream, which 
becomes a necessity with climate change, therefore depends 
on 1) the range-limiting factor (e.g. species that are already 
dispersal-limited should be more restricted by flow than 
those limited predominantly by climate) and 2) the strength 
of dispersal-limitation (e.g. the proportion of propagules 
dispersing upstream vs downstream).

Redistribution limited by flow

Flow-driven inhibition of spread has been shown for species 
whose ranges are not in equilibrium with their climate space, 
including non-native species spreading beyond their point  
of introduction. An example is the Mediterranean mussel 
Mytilus galloprovincialis, one of the most successful invasive 
species, which has colonized every continent except Antarc-
tica and has a maximum estimated spread rate of 115 km 
year21 (Grosholz 1996, Kinlan and Gaines 2003). Four  
years after its introduction to South Africa in the late 1980s, 
M. galloprovincialis had spread up to 97 km along major  

current trajectories but less than 30 km in the direction con-
trary to the dominant currents (McQuaid and Phillips 
2000). Similarly, asymmetric air flow appears to have  
slowed the spread of the wind-pollinated invasive cordgrass 
Spartina alterniflora in Washington, USA (Davis et al. 2004). 
Whereas pollen loads were high downwind of the established 
cordgrass meadow, they dropped precipitously at locations 
upwind of the meadow and local range boundary.

Native species are experiencing increasing disequilibrium 
with climate as shifts of these species’ range boundaries lag 
behind changes in climatic conditions. Such lags can occur 
at either range boundary, with a lagged contraction (e.g. 
because individuals currently persist in that location even 
though population growth is negative) indicating an  
extinction debt and a lagged expansion indicating an immi-
gration credit (Jackson and Sax 2009). The lag in species’ 
range shifts can relate strongly to dispersal ability: for  
example, lags in poleward range shifts were greater for sed-
entary than mobile species of British butterflies (Warren 
et al. 2001). It is important to note, however, that lags in 
range expansions may be driven by myriad processes  
in addition to flow and dispersal limitation, including  
Allee effects, low habitat availability, or the influence of  
species interactions.

In most cases, the relative contributions of factors causing 
such lags are unknown; however, asymmetric flows have 
been shown to limit climate-driven redistribution of native 
species in some cases. To assess range shifts and limiting  
processes, Keith et al. (2011) used hindcasting techniques to 
project distributions of four marine invertebrate species  
in the English Channel and found that predicted distribu-
tions based on recent ocean warming had not been fulfilled. 
Hydrodynamic modeling and field recruitment surveys  
indicated that flow barriers have prevented the poleward 
range shifts of these species. Furthermore, in the coarser, cor-
relative analysis of 31 shifting marine species presented in 
Box 1, there was a trend towards faster poleward spread in 
species inhabiting areas of primarily poleward – as opposed 
to equatorward – flow. This pattern, although preliminary, 
suggests a potential relationship between flow direction and 
poleward spread rate.

Beyond impeding dispersal, equatorward and down-
slope flows could be eroding adaptive capacities of species, 
reducing the efficacy of interrelated mechanisms for coping 
with changing climate. Geographic variation in environ-
mental conditions and, thus, selection pressure on phy
siological climate tolerances can lead to beneficial local 
adaptation when it parallels projected climate changes 
(Jump and Peñuelas 2005). Species with populations that 
experience futuristic (e.g. warmer) conditions could be pre-
disposed to adapt to novel climates; in other words, equa-
torward populations may contain individuals adapted to 
contemporary temperature ranges that will become the 
future conditions at more poleward locations. Depending 
on the rate of climate change, gene flow and propagule  
dispersal from these more tolerant populations could pro-
mote persistence 1) by ‘rescuing’ increasingly mal-adapted 
populations, 2) by re-seeding locations left vacant due to 
climate-related mortality, and/or 3) by colonizing new  
areas at the expanding range margin. Conversely, in the 
presence of counterproductive flow, downstream locations 
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Figure 1. Effectiveness of redistribution as a mechanism of persis-
tence under climate change could depend on flow direction. Along 
climate gradients, such as a temperature gradient across latitudes, 
(a) species that depend on flow patterns for dispersal might be  
better able to track suitable climate conditions when the direction 
of air or water flow (as shown here) parallels the direction of  
climate shifts. (b) However, when such shifts require upstream dis-
persal, lags in range shifts, contractions of species’ ranges, and/or 
population declines may become more likely.
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Box 1. 

To address where and when (i.e. for which types of species) directional flows have inhibited poleward range shifts and could do so 
increasingly in the future, we would need an unbiased sample of species’ range dynamics across a variation of flow regimes. Unfortu-
nately, such a dataset does not exist at present, given biases against publishing ‘negative’ results or those countering the popular para-
digm of poleward shifts (Stewart 2010) as well as the uneven distribution of historical and current monitoring efforts. However, 
despite such biases, some intriguing patterns emerged in a comparison of flow direction and spread direction for recently-shifting 
marine species.

A database of marine species that had experienced range shifts was reported in Sorte et al. (2010; note that non-shifting species 
were excluded both explicitly and via likely non-publication). Here, I expanded this database to examine the relationship between 
flow and spread for all outer-coast benthic species that were identified via our earlier systematic review of the literature (see Sorte  
et al. 2010 for search terms and expanded species information). The NOAA Ocean Surface Current Analysis (NOAA 2012), which 
provides current data spatially averaged at 2° latitude and longitude intervals, was queried across the years 1993–2003 to determine 
whether the north–south element of the averaged currents was poleward or equatorward at each species’ initial range boundary.  
I then related this dominant flow direction to direction and speed of poleward spread for each species.

I found that most – 26 out of 31 – species in this dataset inhabited areas of predominantly equatorward flow, including the  
northeast and west coasts of the US, western Europe, and western South America. With this locational bias and a likely publishing 
bias towards poleward spread, it is perhaps not surprising that about half (55%) of species included were spreading poleward  
against equatorward flows. This percentage is slightly less than the 63% that would be expected by chance based on the percentage  
of species inhabiting areas of equatorward flow (84%) and spreading poleward (75%; Sorte et al. 2010); nonetheless, it clearly indi-
cates the ability of physical and biotic processes to allow species to shift against the flow. For example, Zacherl et al. (2003) suggested 
that current reversals combined with increasing temperatures could have allowed the subtidal gastropod Kelletia kelletii, the species  
in this dataset that shifted fastest against the flow, to overcome both dispersal and temperature limitation, allowing colonization  
and establishment of poleward habitats.

Overall, an examination of spread rates showed that the range boundaries of species in poleward flows tended to shift towards the 
poles twice as fast on average as range boundaries of species in equatorward flows (5.6  3.0 SE vs 2.7  2.1 SE km year21, respectively). 
Although limited by low sample sizes, particularly for species inhabiting locations of poleward flow, this pattern begs further study. 
Slower relative spread rates associated with equatorward flows might suggest that whereas species are not prevented from shifting against 
the prevailing currents, in some cases, equatorward flows could hamper species’ abilities to keep pace with poleward shifts in climate.

Comparison of spread direction and poleward spread rate for shifting marine species inhabiting locations of poleward versus equatorward flow. For  
references and expanded species information, see Sorte et al. (2010).

Taxon Species Location Flow direction† Spread direction† Poleward spread rate (km year21) ‡

Coral Acropora cervicornis Florida, USA P P 6.3
Acropora palmata Florida, USA P P 9.7

Gastropod Gibbula umbilicalis Scotland, UK P P 3.2
Crab Eurypanopeus depressus Argentina P P 13.2

Panopeus meridionalis Argentina P E 24.6
Seaweed Chondrus crispus Portugal E P 3.7

Codium adhaerens Portugal E P 1.2
Desmarestia ligulata Portugal E P 1.4
Dumontia contorta Portugal E P 1.3
Fucus serratus Spain E P 5.0
Halopithys incurva Portugal E P 9.7
Himanthalia elongata Portugal E P 4.5
Hypnea musciformis Portugal E P 5.5
Padina pavonica Portugal E P 3.8
Palmaria palmata Portugal E P 7.3
Pelvetia canaliculata Portugal E P 5.0
Sargassum flavifolium Portugal E P 12.1
Valonia utricularis Portugal E P 4.0

Gastropod Kelletia kelleti California, USA E P 32.5
Lottia orbignyi Chile E P 13.8
Scurria viridula Chile E P 5.9

Barnacle Tetraclita rubescens California, USA E P 22.0
Seaweed Ahnfeltia plicata Portugal E E 26.7

Bifurcaria bifurcata Portugal E E 25.2
Desmarestia aculeata Portugal E E 24.6
Fucus vesiculosus Portugal E E 23.2
Halidrys siliquosa Portugal E E 21.8

Chiton Enoplochiton niger Chile E E 27.7
Gastropod Echinolittorina peruviana Chile E E 214.9

Fissurella crassa Chile E E 28.9
Thais haematoma Chile E E 215.9

†P  poleward, E  equatorward; ‡negative values indicate rates of spread in the opposing (equatorward) direction.
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with the potential to harbor warm-adapted populations – 
which may be necessary for the maintenance of the equator-
ward boundary, if it is set by temperature – could be 
swamped by gene flow from upstream populations, speed-
ing up range contractions (Kirkpatrick and Barton 1997, 
Kawecki and Holt 2002, Sexton et al. 2009, 2011, Pringle 
et  al. 2011). The ability of such beneficial adaptations  
to arise and persist in downstream locations will depend  
on the relationship between flow rate and the strength of 
natural selection, with the persistence of adaptations and 
populations more likely at lower flow rates (Byers and  
Pringle 2006, Pringle and Wares 2007).

Asymmetric flows may, therefore, be counterproductive 
to persistence by limiting evolutionary and ecological pro-
cesses that could buffer species from detrimental climatic 
changes. Thus, whereas poleward flows might be expected 
to facilitate range expansions that parallel shifting cli-
mates (Fig. 1a), equatorward flows could be limiting to 
poleward redistribution for some species (Fig. 1b). This 
leads to a general prediction that assemblages existing in 
locations of predominantly equatorward and down-slope 
flows may face disproportionate losses of diversity as warm-
ing continues.

Conditions influencing upstream redistribution

Although flow patterns can limit dispersal, examples from 
the far (Vermeij 1991) and recent past (Box 1; McQuaid 
and Phillips 2000, Gilg and Hilbish 2003, Pringle et  al. 
2011) make it clear that asymmetry in dispersal is not  
absolute. For the many populations persisting in areas  
with directional flows, the maintenance of stable range 
boundaries requires some level of upstream dispersal  
(Müller 1982, Speirs and Gurney 2001). Furthermore, it is 
intuitively and mathematically evident that the conditions 
in which maintenance of a population’s distribution is pos-
sible are also those at which the trajectory of the upstream 
range boundary switches from retreating to advancing 
(Pachepsky et  al. 2004, Lutscher et  al. 2010). What is 
unknown, then, is not whether upstream spread is possible 
but, rather, whether species’ strategies for maintaining  
stable range boundaries in advective environments will 
allow them to shift fast enough to keep pace with changing 
climate. Refining hypotheses about the role of asymmetric 
flows in driving population persistence will, therefore, 
require an understanding of the degree to which physical 
and organismal characteristics permit counter-current  
redistribution and how these characteristics will, them-
selves, be altered under climate change (Table 1).

Flow and landscape characteristics
Heterogeneity in flow patterns can be important in allowing 
propagule transport contrary to average flow. In models  
simulating the extreme situations of entirely symmetric  
versus asymmetric metapopulations (i.e. populations linked 
by dispersal), persistence was not possible under complete 
asymmetry; reciprocal, bidirectional connectivity between 
populations was required for metapopulation persistence 
(Vuilleumier and Possingham 2006). At the population  
level, viability was low for all of the following: isolated  
populations, populations functioning solely as propagule 

sources, and those functioning as strong propagule sinks 
(Vuilleumier and Possingham 2006).

Deviations from predominant flow directions occur  
both in space and time, increasing the scope of possible dis-
persal trajectories (Gaylord and Gaines 2000, McQuaid and 
Phillips 2000, Byers and Pringle 2006). On the south coast 
of South Africa, monthly net displacement of passive parti-
cles in surface currents was ~ 50–90% of total displacement, 
with lower values indicating months of greatest variation in 
wind direction and, thus, flow variation (i.e. when particles 
spent more time traveling contrary to the dominant flow 
direction; McQuaid and Phillips 2000). In this case, flow 
reversals occurred at a temporal scale of less than one month; 
however, in some systems, seasonal flow reversals are  
known. For example, in a tropical Panamanian forest, strong 
trade winds blow equatorward during the spring dry  
season while wet season winds are slower and less directional 
(Wright et  al. 2008). Similarly, whereas ocean currents off  
of the US west coast flow primarily equatorward during the 
summer months, a poleward counter-current forms during 
the winter months and, on smaller temporal and spatial 
scales, during summer upwelling events (Huyer et al. 1989).

The ephemerality of appropriate flow conditions could 
make landscape patterns of appropriate habitat particularly 
important. If an individual propagule succeeds in dispersing 
upstream into the newly suitable range, it may be challenged 
in finding a place to colonize and establish (Marshall  
et al. 2010). Furthermore, initially following climatic shifts, 
individuals may be required to weather relatively high levels 
of climate variability in their expanded range, and popu
lation persistence during unfavorable periods can be as 
important as dispersal ability for determining redistribution 
potential (Early and Sax 2011). Similarly, the existence of 
‘stepping stone’ locations or populations has emerged as 
critical for dispersal to promote persistence under changing 
conditions (Treml et al. 2008).

Organismal characteristics
Flow and landscape patterns interact with organismal  
characteristics to promote or restrict redistribution, and 
adaptation appears to favor life-history traits that allow spe-
cies to take advantage of variation in flow patterns (Shanks 
and Eckert 2005, Byers and Pringle 2006). Species that  
produce an increased number of dispersive propagules  
and reproduce over longer intervals may ‘hedge bets’  
effectively to disperse during periods of greatest flow vari
ation (Aitken et al. 2008, Byers and Pringle 2006). Selec-
tion may also promote adaptation for specifically releasing 
propagules during the most variable time periods: the 
annual peak of spawning for 89 marine invertebrates  
with planktonic larvae on the US west coast corresponded 
with the month of greatest current flow variation (Reitzel 
et al. 2004, Byers and Pringle 2006).

Propagule duration relates to dispersal distance for  
some species (Shanks et al. 2003, Shanks 2009, Selkoe and 
Toonen 2011); thus, redistribution ability under climate 
change is likely to vary across species because distinct  
life-history strategies involve different amounts of time 
spent in aerial transport or in the plankton. However, long 
propagule durations appear to be both advantageous  
and disadvantageous for redistribution in directional flow,  
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could intensify the need for low-frequency, long-distance 
dispersal events that are more likely with broadly-dispersing 
species. Mechanistic simulation models, incorporating,  
for this example, ecophysiological data on temperature- 
dependent propagule duration along with both directional 
flow and shifting climate, could aid in predicting when  
and where particular life-history strategies will increase or 
decrease resistance to climate change (Berg et al. 2010).

Predicting persistence: future research 
considerations

Directional flows can and have limited the dispersal, inva-
sive spread, and redistribution under climate change of  
species across systems and worldwide. At the same time, 
wind- and water-dispersed species do not disperse com-
pletely passively – any activity that allows a propagule to 
change vertical flow fields can alter its dispersal trajectory 
(Shanks et al. 2003, Pineda et al. 2007, Shanks 2009) – and 
some level of upstream dispersal is necessary for the main
tenance of contemporary range boundaries. To date, there is 
a paucity of data available to address whether the processes 
described above that prevent downstream displacement  
in advective environments are sufficient to permit not just 
‘maintenance’ but upstream ‘advancement’ of range bound-
aries, allowing species to keep pace with shifting climates. 
Although retrospective and prospective studies suggest that 
average spread rates will fall short of those required to  
track climate changes (Davis 1989, Nathan et  al. 2011), 
species’ maximal spread rates are often unknown (Davis 
1989), and some species have moved significantly faster 
than temperature isoclines (Parmesan 2006, Sorte et  al. 
2010, Chen et al. 2011). Given the knowledge gaps identi-
fied above, I aim for this discussion to serve as a point of 
departure for further research.

Future research would ideally include an analytical  
study of the conditions allowing persistence in areas where 
flow and climate shifts are parallel versus non-parallel (as in 
Fig. 1). Second, it would be beneficial to expand on the 
quantitative analysis presented in Box 1, including by 
increasing the sample size as well as hindcasting flow  
direction and variability and relating these local conditions 
to dispersal distances. Third, large-scale analyses, and the 
field-testing of analytical conclusions, would be impossible 
without continued and increased field monitoring of  
species’ ranges and environmental conditions. Comparative 
studies would ideally include empirical observations of 
range dynamics for species inhabiting opposing flow  
fields. For example, pinpointing characteristics that pro-
mote versus restrict redistribution across flow conditions 
could be accomplished by comparing range-shift success 
and spread rates between species dispersing in poleward  
and equatorward flowing western and eastern boundary 
currents. The benefits to adopting a mechanistic approach 
are demonstrated by an increasing number of analyses that 
have successfully combined historical ecology, empirical 
physiology and field ecology, and predictive modeling to 
hindcast and forecast ecological patterns (Tobin et al. 2008, 
Wethey and Woodin 2008, Jones et al. 2010).

Further refinement of the broad-scale analyses suggested 
above will require accounting for spatial and temporal  

complicating location- and species-specific predictions. In 
advective systems, the likelihood of an individual propagule 
dispersing contrary to the dominant currents is predicted  
to decrease as propagule duration increases since the odds 
favor downstream flow (Gaylord and Gaines 2000, Speirs 
and Gurney 2001, Byers and Pringle 2006). However, a 
longer propagule dispersal window increased connectivity 
between patches in a simulated metapopulation (Treml 
et  al. 2008). In addition, longer propagule durations are 
required for rare, long-distance dispersal events, quantified 
by Keith et al. (2011) as the number of hydrodynamic dis-
persal barriers that could be breached relative to pelagic  
larval duration.

Conditions affected by climate change
Climate change interacts with both flow characteristics and 
biological traits which, themselves, modify distribution 
potential (Table 1). Recent analyses indicate that poleward 
flowing western boundary currents have warmed world-
wide, two to three times faster than the average global sur-
face temperature (Ridgway 2007, Wu et  al. 2012), and  
that this intensification could be increasing poleward 
propagule dispersal and enhancing range shifts (Banks et al. 
2010). Similar intensification has been predicted for the 
Eastern Pacific Boundary Current (Bakun 1990) whereas 
trade winds are predicted to diminish due to the weakening 
of temperature and pressure gradients (Vecchi et al. 2006). 
Climate change can also influence temporal frequency and 
spatial intensity of flow variation. For example, on the US 
west coast where coastal currents flow equatorward on aver-
age, the poleward Davidson current that develops seasonally 
becomes even more pronounced on the multi-year scale of 
ENSO events (Huyer et al. 1989). Given that ENSO events 
have been predicted to increase in frequency under climate 
change (Timmermann et al. 1999), there may be a concom-
itant increase in the potential for poleward propagule delivery 
towards increasingly suitable habitats (Sorte et al. 2001).

At the species level, demographic traits are often sensitive 
to climatic conditions, with alterations related to warming, 
elevated CO2 levels, and changes in precipitation patterns. 
Whether climatic changes will lead to beneficial or detri-
mental modifications – in, for example, reproductive output, 
growth rates (which may influence time to maturity and/or 
size-dependent reproductive output), or survival – depends 
on the particular species and magnitude of climate change 
(Sorte et al. 2013). Development time, in particular, is often 
strongly temperature-dependent, and increased temperatures 
could, thus, decrease propagule duration for many species 
(Byers and Pringle 2006, O’Connor et al. 2007).

It seems clear that life-history strategies will be key  
determinants of species’ abilities to cope with changing cli-
mate via redistribution (Nathan et  al. 2011, Fordham  
et  al. 2012). However, there are several indications that  
relative advantages of particular strategies will be context-
dependent, varying with flow and future interactions with 
climate change. For example, the relationship between 
propagule duration and upstream redistribution potential 
might differ based on the local climate velocity (Loarie  
et al. 2009, Burrows et al. 2011): whereas shorter propagule 
durations and dispersal distances might be favored under 
low climate velocities, increasing rates of climate change 
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