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11 Abstract: Aeolian processes are a fundamental driver of earth surface dynamics, yet the 

12 importance of aeolian processes in a broader geosciences context may be being overshadowed by 

13 an unbalanced emphasis on fluvial processes. Here we wish to highlight that aeolian and fluvial 

14 processes need to be considered in concert relative to total erosion and to potential interactions, 

15 that relative dominance and sensitivity to disturbance vary with mean annual precipitation, and 

16 that there are important scale-dependencies associated with aeolian-fluvial interactions. We 

17 build on previous literature to present relevant conceptual syntheses highlighting these issues. 

18 We then highlight the relative investments that have been made in aeolian research on dust 

19 emission and management relative to that in fluvial research on sediment production. Literature 

20 searches highlight that aeolian processes are greatly understudied relative to fluvial processes 

21 when considering total erosion in different environmental settings. Notably, within the USA, 

22 aeolian research was triggered by the Dust Bowl catastrophe of the 1930s, but the resultant 
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1 research agencies have shifted to almost completely focusing on fluvial processes, based on 

2 number of remaining research stations and on monetary investments in control 

3 measures. However, numerous research issues associated with intensification of land use and 

4 climate change impacts require a rapid ramping up in aeolian research that improves information 

5 about aeolian processes relative to processes, herald a post-Dust Bowl 

6 Phoenix phase in which aeolian processes are recognized as broadly critical to geo- and 

7 environmental sciences. 

8 Keywords: aeolian, fluvial, wind erosion, water erosion, dust emission, sediment production 

9 1. Introduction 

10 Aeolian-driven dust emissions and associated soil erosion pose widespread and 

11 substantial challenges in environmental science and management (Pye, 1987; Toy et aI., 2002; 

12 us CCSP, 2008). consequences of aeolian processes are most evident in major dust storms 

13 across regionally degraded landscapes, as evident USA the Dust Bowl era of the 

14 1930s (Worster, 1979; Peters et aI., 2007) and currently in China in association with degraded 

15 northern drylands (Chepil, 1949; Shao and Shao, 2001). Wind erosion can significantly lower 

16 soil productivity, degrade air quality, alter biogeochemical processes, and increase land surface 

17 inputs of dust flux for atmospheric processes (Pye, 1987; Schlesinger et aI., 1990; Toy et aI., 

18 2002; Lal et aI., 2003). In response to the catastrophic impacts of the Dust Bowl era, there was 

19 an enormous surge in research addressing basic aeolian processes and how to improve land 

20 management relative to conserving soil and providing ways ofmaintaining soil productivity (Toy 

21 et aI., 2002). Aeolian processes are now clearly recognized as critical to surface dynamics 
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for the environmental and geosciences research community and by many within the resource 

management communities (Peters et aI., 2006; US CCSP, 2008). 

Although aeolian processes are generally recognized as important, this recognition is 

usually viewed in isolation from the other primary driver of land surface dynamics: fluvial 

processes (Heathcote, 1983; Baker et aI., 1995; Breshears et aI., 2003; Visser et aI., 2004). 

Notably, researchers and practitioners in soil conservation generally segregate into one of two 

disciplines, those focusing on wind erosion and those focusing on water erosion. While both 

wind and water erosion can each contribute close to one billion tons of soil loss per year within 

the USA (USDA, 2006), and they operate on many similar fundamentals, there are critical 

differences between the two types of processes that drive this separation (Toy et aI., 2002; 

Breshears et aI., 2003; Visser et aI., 2004). These include major diflerences in the density of the 

transport fluid (water verses air), directionality of sediment and dust transport, temporal scales of 

the erosion events, and spatial scales of the impact (from localized to global). Although research 

on aeolian processes has generally proceeded I.:>VlaUVll of from processes, there are 

several reasons to re-evaluate the potential importance of interrelationships between wind and 

water erosion and associated aeolian and fluvial processes (Heathcote, 1983; Baker et aI., 1995; 

Breshears et al., 2003; Bullard and McTainsh, 2003; Visser et aI., 2004) which may have 

important environmental consequences (Aguiar and Sala 1999; Ravi et aI., 2007). The degree 

and manner in which aeolian and fluvial processes are interrelated could have important 

implications for relative investments in research and soil management in controlling erosion of 

both types. This issue is particularly pressing given growing environmental challenges related to 

maintaining agricultural productivity, preventing ecosystem degradation, and adapting to the 
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projected impacts of global climate change et aI., 2003; Nearing et aI., 2005; US CCSP, 

2008). 

The potential for soil erosion loss and land degradation due to the combined effects of 

aeolian and fluvial processes likely far exceeds that of either type of process alone. Globally, 

roughly 80% of the world's arable land is affected by moderate to severe soil degradation (Lal, 

1989; Pimentel, 1993), most of which is attributed to aeolian and fluvial processes (Oldeman et 

aI., 1990; USDA 2006). Ultimately, the combined effects of aeolian and fluvial erosion have 

degraded as much as one-third of the world's arable land at rates that undermine long-term 

productivity (Brown, 1981; USDA, 2006). Aeolian and fluvial processes are also central drivers 

ofdesertification of non-arable arid and semiarid environments (Belnap, 1995; Peters et ai., 

2006). These major environmental impacts translate into substantial economic impacts. For 

example, in the United States, the combined effects of wind and water erosion are estimated to 

cost nearly $60 billion per year (2005 dollars; $44 billion in 1992 dollars) due to on-site and off­

site agricultural impacts alone (Pimentel et aI., 1995). It is clear that a majority of lands, what 

ever the use pattern, are subject to both aeolian and fluvial erosion processes and that these 

operate together redistributing soil and other critical resources, such as nutrients, organic debris, 

seeds, and water (Bullard and McTainsh, 2003). 

Despite the importance of wind and water erosion over vast areas, field studies 

comparing the absolute and relative magnitudes of both types of erosion are largely lacking 

(Breshears et aI., 2003). In summary, although both aeolian and fluvial processes can be of 

similar magnitude in several ecosystems studied, an integrated perspective of how these 

processes contribute to total erosion, how they vary with scale and the degree to with which they 

interact is lacking. If both processes contribute substantially to total erosion and especially if 
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1 they are somewhat interactive, then a key challenge for aeolian research is to develop a more 

2 integrated perspective of aeolian-fluvial dynamics. Further, if aeolian processes are as important 

3 as fluvial processes, then policy makers may wish to evaluate relative investments in both. Here 

4 we address these key issues about aeolian processes in the context of fluvial processes. 

5 Specifically, we (1) discuss the scale-dependent and interactive ways in which aeolian and 

6 fluvial transport operate across humid through arid systems, (2) assess investments in research 

7 measured through literature searches and research stations, and in erosion control, based on 

8 government estimates, and (3) propose a prospectus for future studies of aeolian transport In a 

9 scale-dependent context that explicitly considers aeolian-fluvial interactions. 

10 2. Environmental and Scale-dependencies of Aeolian Processes Relative to Fluvial 

11 Processes 

12 The magnitude of aeolian processes relative to fluvial ones likely varies with 

13 precipitation regimes among arid, semiardlsubhumid, and humid environments (Fig. 

14 Aeolian and fluvial processes are most likely to be co-dominant and to be interrelated in arid and 

15 semiarid landscapes, but the processes vary according to many conditions (Visser et 2004; Li 

16 et aI., 2005). Both processes, of course are topography dependent, and in some settings, there 

17 may be topography-related connections among adjacent areas within diflerent precipitation 

18 regImes. 

19 One of the most obvious spatial differences between aeolian and fluvial processes is the 

20 direction and dimensions oftransport characteristics of these processes (Toy et aI., 2002; 

21 Breshears et at., 2003; Reiners and Driese, 2004). Aeolian transport is two-dimensional, with 

22 transport occurring in both vertical and horizontal directions, and omni-directional, with material 

23 potentially being transported in any wind direction. Aeolian transport is also potentially 
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reversible in that material transported in one direction can subsequently be blown back toward 

the source location. contrast, fluvial transport is primarily a one-dimensional, flow 

occurring horizontal to slope, and unidirectional, with the primary direction of transport being 

downslope. Fluvial transport is largely irreversible because material transported in one direction 

will not be transported back toward the source location in subsequent fluvial events. The spatial 

scales of aeolian and fluvial transport are also different. Aeolian transport not only can occur in 

any changing downwind direction, but wind can transport dust on a much larger spatial scale, 

including globally (Griffin et a!., 2001). In contrast, fluvial transport is not only limited to 

downslope direction but is also constrained by topographic barriers associated with watershed 

drainage areas (Reiners and Driese, 2004). 

Both aeolian and fluvial processes are sensitive to disturbance, and this could result 

changes in the relative magnitudes of the two types of transport in a precipitation-regime­

dependent context (Fig. 1 b). Disturbance such as fire or livestock grazing can alter the relative 

importance of aeolian and fluvial transport (Toy et aI., 2002; Whicker et aI., 2002; Visser et aI., 

2004; Breshears et aI., 2009). For example, the loss of protective vegetation cover due to 

disturbance in a humid environment can have a dramatic impact on fluvial transport (Brooks et 

aI., 2003) because vegetation cover can rapidly change from complete to bare (Johansen et 

2001), allowing overland flow to become more concentrated and increasing total sediment 

transport potential because less sink areas are available for water storage. Aeolian transport in 

humid settings likely also increase to some degree following disturbance, but probably 

be limited by the higher soil moisture contents associated with humid environments (Ravi et aI., 

2004; Ravi and D'Ordoricio, 2005). Vegetation in humid environments should generally recover 

much more rapidly than in drier environments, thereby limiting the total amount of soil erosion 
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over time. Consequently, arid and semi-arid climates can be viewed as more vulnerable to long-

term increases in erosion following disturbance. 

When aeolian transport is considered in a more holistic context relative to fluvial 

transport, the potential importance of total transport from both processes becomes more readily 

apparent (Fig. 2a). Total transport could be a simple additive result of aeolian and fluvial 

transport, a starting assumption we make here. If so, then the differential dependencies of 

aeolian and fluvial transport on precipitation regimes would imply that total transport in 

relatively undisturbed systems should be greatest in semiarid environments rather than humid or 

arid ones. Fluvial processes typically dominate sediment transport potential in humid or mesic 

environments, whereas aeolian processes typically dominate sediment transport in arid or xeric 

environments (e.g., Marshall, 1973; Kirkby, 1978; Bullard and Livingstone, 2002). However, 

semiarid and dry lands systems, which constitute approximately 40% of the earth's land surface, 

neither aeolian nor fluvial processes are expected to dominant as both contribute substantially to 

total sediment transport and associated erosion (Breshears et ai., 2003; Visser et ai., 2004). Note 

that the maximum for potential aeolian sediment transport does not necessarily occur at the 

lowest levels of annual precipitation (Fig. 2a) because the lack of moisture in hyperarid systems 

may result in the lack of available sediment for transport (Bullard and Livingstone, 2002; Gillette 

and Chen, 2001), except for highly weathered or disturbed systems such as dune fields and 

agricultural land. Similarly, the maximum potential for fluvial transport does not necessarily 

occur at the highest levels of annual precipitation because vegetation cover typically increases as 

moisture availability increases, therefore reducing the amount of exposed soil susceptible to 

fluvial sediment transport. addition to sparse vegetation cover, arid and semiarid soils are 

generally more erodible than soils in humid environment because soils in dry environments 
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typically have poor soil structure and aggregation due to the lack of moisture and available soil 

biota (Toy et aI., 2002). 

Given these precipitation-regime dependencies f'Or aoelian and t1uvial soil erosion, the 

maximum potential for interaction between these two processes is likely to occur under semiarid 

climatic conditions where neither processes solely dominates (Kirkby, 1978; Heathcote, 1983; 

Baker et ai., 1995; Bullard and Livingstone, 2002; Breshears et aI., 2003). Semiarid systems 

have the greatest potential for aeolian-t1uvial interactions because these systems are 

characterized by sparse vegetation cover and soil conditions that are highly erodible under both 

aeolian and t1uvial forces. The greatest potential f'Or sediment transport would theref'Ore be found 

in semiarid systems, where both processes are thought to contribute substantially to total 

sediment transport. 

Total potential transport across precipitation regimes should differ between disturbed and 

undisturbed conditions (Fig. 2b). We hypothesize that fluvial processes would be more 

dominant following disturbance relative to aeolian processes because t1uvial processes dominate 

humid systems, which undergo the most dramatic change in vegetation cover f'Ollowing 

disturbance (Heathcote, 1983; Baker at aI., 1995; Johansen et aI., 2001; Brooks et 2003). 

When compared to humid systems, disturbances in arid and semiarid systems would result in a 

lower decrease in the relative amount of vegetation cover because a large portion of the soil 

surface is inherently already void of protective vegetation cover. The maximum potential f'Or 

aeolian-fluvial interaction is therefore expected to shift toward a more mesic environment 

f'Ollowing disturbance and the loss of vegetation cover (Fig. 2b). The total sediment transport 

potential is also expected to shift toward a more mesic environment following disturbance so that 

f'Or undisturbed systems, peak sediment transport potential occurs in semiarid environments that 

8 
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1 receive around 300-400 mm of mean annual precipitation, whereas peak sediment transport 

2 potential following disturbance is likely to occur in sub-humid environments that receives 

3 roughly 600-700 mm of mean annual precipitation. 

4 Another aspect of a more holistic perspective of aeolian processes that encompasses 

5 relevant fluvial processes is considering the spatial and temporal scale-dependencies associated 

6 with both types of process, in addition to their precipitation dependencies (Fig. 3a). As discussed 

7 above, aeolian transport differs fundamentally from fluvial transport in that it can occur both in 

8 the horizontal direction, as horizontal sediment flux that is generally thought to contribute to 

9 localized redistribution, and in the vertical direction as vertical dust flux that is more 

characteristic of regional or long-distant redistribution (Breshears et aI., 2003; Zobeck et aI., 

11 2003). Event-based sediment transport at small spatial and temporal scales (e.g., 102 m and 10.2 

12 hr. respectively) is dominated by fluvial processes because larger sediment and smaller rock 

13 fragments can constitute the majority of mass being moved short distances over very short times 

14 (e.g., during flash floods), whereas the force of wind is not great enough to immobilize these 

15 larger fragments (Brooks et aI., 2003). At large spatial and temporal scales, however, aeolian 

16 processes dominant because fluvial transport is confined to relatively small land surfaces and 

17 rivers (most less than 106 m in linear length) within watersheds, whereas aeolian processes are 

18 not confined to watersheds and can therefore transport dust at distances that span the globe (Fig. 

19 3a). 

20 The greatest potential for aeolian-fluvial interactions occurs at intermediate spatial and 

21 temporal scales (Fig. 3a) because both wind and water have the potential to transport small- and 

22 medium-sized particles (e.g., sand, silt, and clay) over intermediate distances (e.g., 101 to 106 

23 Aeolian sediment transport results in increasing connectivity as spatial scales increases and 

9 
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1 sediment transport capacity concurrently decreases (Painter et aI., 2007; Peters et aI., 2(08). 

2 Fluvial processes, in contrast, concentrate sediment transport capacity per unit source area with 

3 increasing spatial scale because water flows only downslope thereby cumulatively compounding 

4 the potential to transport sediment while at the same time reducing the relative spatial area 

5 affected by the transported sediment (Fig. 3b; Reiners and Driese, 2(04). 

6 Because·ofthese fundamental differences, aeolian and f1uvial processes are likely to 

7 interact to a lesser degree as a function of increasing spatial scale. For example, at the plot or 

8 hillslope scale, both processes can have roughly the same potential transport capacity (Breshears 

9 et aI., 2003) and both might be expected to have similar areas impacted by the deposition of 

10 transported sediment (Fig. 3b). However, as spatial scale increases to the landscape and 

11 regional scale, the potential for aeolian-f1uvial interactions likely decreases because aeolian 

12 transport capacity becomes weaker as the area impacted increases, whereas f1uvial transport 

13 capacity becomes stronger as the area impacted decreases with increasing spatial scale (Fig. 3b). 

14 3. Research Output and Resource Investment in Aeolian Processes Relative to Fluvial 

15 Processes 

16 Given that aeolian transport likely dominates total transport in some environments (arid) 

17 and is expected to be co-dominant and potentially interactive with f1uvial transport in others 

18 (semiarid and perhaps subhumid), and that these environmental settings account for a large 

19 proportion of the terrestrial biosphere, to what extent does previous research and investments 

20 erosion control ref1ect the relative importance of aeolian transport in these settings? Our 

21 evaluation suggests that the available research on aeolian and f1uvial processes may not be 

22 representative their relative importance on the landscape based on the focus areas of the available 

23 peer-reviewed literature (Fig. 4a). For example, although total sediment transport potential is 
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likely to be greatest in semiarid environments and is likely a result of combined aeolian and 

fluvial transport processes, most studies only consider the aeolian or fluvial transport component, 

with very few explicitly considering both. In addition, there appears to be a fluvial bias across 

most disciplines that focus on land surface dynamics and sediment transport processes. For 

example, the top 5 journals that publish papers related to aeolian or fluvial transport publish a 

disproportionately larger number of fluvial related papers with respect to aeolian related papers 

(Fig.4b). This fluvial bias also holds true for studies that assess erosional processes and 

erosional impacts (Fig. 4c). This general lack of a more holistic perspective may be resulting in 

a lack of understanding about how interactions between these processes contribute to total 

sediment transport. 

Although the relative number of fluvial to aeolian papers suggests that fluvial processes 

are perhaps more important and more pervasive, the few studies that explicitly assess both 

processes generally indicate that aeolian and fluvial sediment transport are of similar magnitude 

in the United States. Wind erosion since 2001 is estimated to account for about 800 million tons 

of soil loss per year, whereas water erosion is slightly higher at around 1068 million tons of 

loss per year but comparable to annual rates of wind erosion (NRCS 2000a, 2000b). The total 

area of US agricultural land (cropland and Conservation Reserve Program land only; data not 

readily available for rangeland) that is eroding at a rate greater than 5 tons per acre per year (over 

twice the national average) is approximately the same for wind erosion (40 million acres) and 

water erosion (41 million acres; NRCS 2000a, 2000b). Additionally although the western United 

States is primarily dominated by wind erosion and the eastern United States is primarily 

dominated by water erosion, there are substantial areas in the central, mid west, and northwest 
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portions of the United States where neither of two process dominants and both contribute 

substantially to total erosion rates (Fig. 5a). 

Both aeolian and fluvial processes are therefore important to consider when assessing the 

overall environmental and economic impact of sediment transport and erosion (Pimental, 2000; 

Lal et aI., 2003; Visser et aI., 2004). The total and off-site costs of wind and water erosion on 

United States agricuhuralland are estimated to be 9.6 and 7.4 billion dollars per year, 

respectively (Pimentel et aI., 1995). Notably, however, the amount of resources allocated to help 

combat erosion and its environmental and ecological impact is not nearly as equitable as the 

annual rates and costs associated with wind and water erosion. In the United States, the average 

amount of dollars spent on controlling erosion on agricuIturallands is not distributed 

proportionally relative to the rates and off-site costs associated with wind and water erosion. For 

example, the USDA Environmental Quality Incentive Program (EQIP) spends up to 16 times the 

amount per acre of agricultural land on soil erosion and sediment control practices in the water­

erosion dominated eastern United States than in the wind-erosion dominated western United 

States, even though annual rates of wind and water erosion are nearly identical in the United 

States for agricultural cropland and land in the Conservation Reserve Program (NRCS, 2006); 

comparable estimates for rangelands are not readily available. Resources in the United States are 

also not distributed proportionally among dollars spcnt on aeolian and fluvial research. The 

USDA Agricultural Research Service (ARS) is the primary research agency in the United States 

rcsponsible for assessing mitigating erosional impacts on agricultural lands. The amount of 

resources and number of research locations devoted to aeolian and fluvial research within this 

agency disproportionally favors research related to fluvial processes. For example, the number 

ofUSDA-ARS experimental watersheds outnumbers the number of wind erosion units by a 

12 
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1 factor of 18 (Fig. 5c). This apparent fluvial bias is somewhat ironic because much of the current 

2 United States soil conservation policy was initiated as a direct response to the devastating 

3 environmental and economic impacts of wind erosion and associated dust storms from 

4 agricultural lands in the Great Plains during the 1930s Dust Bowl (Worster, 1979). 

5 These collective points summarizing research and resource investments imply that there 

6 may be a bias toward fluvial processes over aeolian processes such that investments in research 

7 (globally) and erosion control (at least within the United States) have not been not been in 

8 proportion to the relative importance of aeolian processes. Ifthis is correct, then scientists, land 

9 managers, government agencies, and especially policy-makers may wish to consider a 

10 proportionally more balanced distribution of resources that accounts for the importance of 

11 aeolian processes. 

12 4. Addressing Emerging Challenges with A More Holistic Perspective: A Phoenix Phase for 

13 Aeolian Research? 

14 In considering aeolian processes relative to fluvial processes, we have highlighted two 

15 major points. First, that aeolian and fluvial processes need to be considered in concert relative to 

16 total erosion and with respect to scale-dependencies associated with aeolian-fluvial interactions. 

17 Second, that investments made in aeolian research on dust emission and management have been 

18 relatively small compared to that in fluvial research on sediment production. These points are 

19 consistent with available research results, previously posed hypotheses, and available cost and 

20 management metrics. Nonetheless, they raise several key hypotheses or untested assumptions 

21 about the interaction of aeolian processes with fluvial processes (Table 1). These hypotheses and 

22 assumptions focus on the relative magnitudes of the two types of processes across precipitation 

23 gradients and in response to projected climate changes, specifics about the nature of scale­
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dependent interactions between aeolian and fluvial processes, and assumptions about 

management options and associated economics. 

If aeolian processes often contribute a substantial amount to total erosion, as contended 

here and elsewhere (USDA, 2006; Ravi et al., 2007; Breshears et al., 2009), then we suggest that 

aeolian researchers, rather than focusing solely on improving our understanding of aeolian 

processes in isolation of fluvial processes, need to explicitly consider how aeolian processes 

influence and depend on fluvial processes in a scale-dependent and environmental gradient 

context. A foeused set of hypotheses and assumptions provide an initial agenda for addressing 

these issues (Table 1). As noted above, the apparently disproportionately large focus on fluvial 

processes may be due to associated academic, government and journal infrastructure in place 

association with fluvial processes but lacking for aeolian processes: hydrology departments and 

journals are abundant but complimentary or integrated departments focusing on aeolian 

processes are few and dispersed, and until establishment of the journal Aeolian Processes, a 

journal specifically focusing on aeolian processes was lacking. 

It is ironic that the US Agricultural Research Service has its roots in addressing the Dust 

Bowl problem and yet now focuses on fluvial processes in disproportion to the level of 

demonstrated importance of aeolian processes. This irony presents a major challenge to the 

aeolian community, particularly given the growing recognition that land use intensification and 

climate change impacts require an improved understanding of aeolian processes that is linked 

direetly to sound management actions. If this challenge is not effectively addressed, we risk 

triggering increases in dust production under Dust Bowl like conditions, dust releases and soil 

degradation such as that associated the post-l 880 settlement and grazing of the western 

USA (Neff et al., 2005,2008), and potential synergies between aeolian and fluvial processes 
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under climate change (Bullard and McTainsh, 2003). Aeolian and fluvial processes in the 

Southwest USA, as well as other arid regions, will likely become increasingly important 

coming decades due to projected climate change (US CCSP, 2008). The high probability of 

increased aridity across many water-limited regions in conjunction with widespread anticipated 

increases in wind speed, temperature, and drought frequency suggests that aeolian transport and 

associated dust emissions will become increasingly important in the near future, likely causing 

substantial continental-scale impacts on downwind ecosystems, air quality, and populations (US 

CCSP, 2008). 

We propose that numerous factors could converge to provide an opportunity to 

substantially increase the visibility, impact of, and support for aeolian process research and wind 

erosion management. These include: (1) recent estimates highlighting that aeolian can be a 

substantial proportion of total erosion, thereby highlighting problems with studying both types of 

process in isolation of one another; (2) the potential for climate change to alter relative rates of 

aeolian and fluvial processes; and (3) increasing emphasis on addressing soil erosion in a cost 

effective manner based on economic analyses. If the aeolian research community collectively 

addressed these issues-simultaneously advancing our understanding of basic aeolian processes 

while also assessing their interactions, scale-dependencies relative magnitudes and sensitivities 

to disturbance, all relative to fluvial processes-then we expect that geophysical perspectives 

would be shifted away from fluvial dominance, giving rise to a Phoenix phase in aeolian research 

not seen since the initial response to the Dust Bowl. Such a Phoenix phase would amplify the 

contributions of the aeolian research community through addressing some of the most pressing 

environmental challenges and fostering broad interdisciplinary dialog. 

15 




Submitted to Aeolian Research: Field et al. - Toward a Phoenix Phase ofAeolian Research Dec 18, 2008 

1 Acknowledgements 

2 This perspective was developed with support the Arizona Agricultural Experiment Station 

3 (DDB), USDA CSREES (JPF, DDB), and the National Science Foundation (DDB, JPF; NSF­

4 DEB 0816162). We thank D. J. Law for assistance. 

5 

6 References 

7 Aguiar, M.R., Sala, O.E., 1999. Patch structure, dynamics, and implications for the 

8 functioning of arid ecosystems. Trends in Ecology and Evolution 14, 273-277. 

9 Baker, M.B. Jr., DeBano, L.F., Ffolliott, P.F., 1995. Soil loss in pifion-juniper ecosystems 

and its influence on site productivity and desired future condition. In Desired Future 

11 Conditions for Pinon-Juniper Ecosystems, Shaw, D.W., Aldon, E.F., LoSapio, C (eds). 

12 Proceedings of Symposium, 8-12 August 1994, Flagstaff, AZ. General Technical 

13 Report. RM-258. US Department ofAgriculture, Forest Service, Rocky Mountain 

14 Forest and Range Experiment Station: Ft Collins, CO; 9-15. 

15 Breshears, D.D., Whicker, J.J., Zou, CB., Field, J.P., Allen, CD., 2009. A conceptual 

16 framework for dryland aeolian sediment transport along the grassland-forest continuum: 

17 Effects of woody plant canopy cover and disturbance. Geomorphology, in press. 

18 Breshears, D.D., Whicker, J.J., Johansen, M.P., Pinder III, J.E., 2003. Wind and water 

19 erosion and transport in semi-arid shrubland, grassland and forest ecosystems: 

20 Quantifying dominance ofhorizontal wind-drive transport. Earth Surf. Proc. 

21 Landforms, 28, 1189-1209. 

22 Brown, L.R., 1981. World population growth, soil erosion, and food security. Science 214, 

23 995-1000. 

16 




1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

Submitted to Aeolian Research: Field et aI, Toward a Phoenix Phase ofAeolian Research Dec 18, 2008 

Bullard. J.E., Livingstone, 1., 2002, Interactions between aeolian and fluvial systems in 

dryland environments. Area 34.1,8-16. 

Bullard, J.E., McTainsh, G.H., 2003. Aeolian-fluvial interactions in dryland environments: 

Examples, concepts and Australia case study. Prog. Phys. Geog. 27, 471-501. 

Brooks, K.N., Ffolliott, P.F., Gregersen, H.M., Debano, L.F., 2003. Hydrology and the 

management ofwatersheds. Iowa State Press, Ames, Iowa. 

Chepil, W.S., 1949. Wind erosion control with shelterbelts in North China. Agron. J. 41, 

127-129. 

Gillette, D.A., Chen, W., 2001. Particle production and aeolian transport from a 'supply­

limited' source area in the Chihuahuan Desert, New Mexico, United States. J. 

Geophys. Res. 106,5267-5278. 

Griffin, D.W., Kellogg, C.A., Shinn E.A., 2001. Dust in the wind: Long range transport of 

dust in the atmosphere and its implications for global public and ecosystem health. 

Global Change Human Health 2,20-33. 

Heathcote, R.L., 1983. The arid lands: their use and abuse. Longman, New York. 

Johansen, M.P., Hakonson, T.E., Breshears, D.D., 2001. Post-fire runoff and erosion from 

rainfall simulation: contrasting forests with shrublands and grasslands. Hydrological 

Processes 15,2953-2965. 

Kirkby, M. J., 1978. The stream head as a significant geomorphic threshold. Department 

of Geography, University ofLeeds Working Paper 216. 

Lal, R., Hall, G.F., Miller, F.P. 1989. Land Degradation and Rehabilitation 1, 51. 

Lal, R., Sobecki, T.M., Iivari, T., Kimble, J.M., 2003. Soil degradation in the United 

States: Extent, severity, and trends. Lewis Pub!', Boca Raton, Florida. 

17 



Submitted to Aeolian Research: Field et aL Toward a Phoenix Phase ofAeolian Research - Dec 18,2008 

1 Li, M. Li, Z., Liu, P., Yao, W., 200S. Using Cesium-137 technique to study the 

2 characteristics of different aspect of soil erosion in the wind-water erosion crisscross 

3 region of Loess Plateau of China. Applied Radiation and Isotopes. 62, 109-113. 

4 Marshall, J. K., 1973. Drought, land use and soil erosion, in Lovett, J. V. (ed.). The 

S Environmental, Economic, and Social Significance of Drought. Angus and Robertson, 

6 Sydney, pp. SS-77. 

7 Neff, J.C., Ballantyne, A.P., Famer, G.L., Mahowald, N.M., Conroy, J.L., Landry, C.C., 

8 Overpeck, J.T., Painter, T.R., Lawrence, C.R., Reynolds, R.L. 2008. Increasing eolian 

9 dust deposition in the western United States linked to human activity. Nature ­

10 Geosciences. doi:IO.1038/ngeoI33. 

11 Neff, J.C., Reynolds, R.L., Belnap, J., Lamothe, P., 200S. Multi-decadal impacts of 

12 grazing on soil physical and biogeochemical properties in Southeast Utah. Eco!. Apps. 

13 IS, 87-9S. 

14 NRCS,2000a. Average annual soil erosion by water on cropland and CRP land, 1997. 

IS Map ID mSOS8. NRCS, Resource Assessment Division, Washington, DC. 

16 NRCS,2000b. Average annual soil erosion by wind on cropland and CRP land, 1997. 

17 Map ID mS06S. NRCS, Resource Assessment Division, Washington, DC. 

18 NRCS,2006. FY-200S EQIP payments for 1997-200S soil erosion and sediment control 

19 practices per agricultural acre. Map ID m9644. NRCS, Resource Assessment Division, 

20 Washington, DC. 

21 Nearing, M.A., 200S. Soil erosion under climate change: Rates, implications and 

22 feedbacks-Introduction. Catena 61, 103-104. 

18 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

Submitted to Aeolian Research: Field et at. Toward a Phoenix Phase ofAeolian Research - Dec 18, 2008 

01deman, L., Hakkeling, R., Sombroek, W., 1990. World map of the status of soil 

degradation, an explanatory note. International soil reference and information center, 

Wageningen, The Netherlands and the United Nations Environmental Program, 

Nairobi, Kenya. 

Painter, T.H., Barrett, A.P., Landry, c.c., Neff, J.c., Cassidy, M.P., Lawrence, C.R, 

McBride, K.E., Farmer, G.L., 2007. Impact of disturbed desert soils on duration of 

mountain snowcover. Geophys. Res. Lett. 34: L12502, 10.1029/2007GL030208. 

Peters, D.P.C., Bestelmeyer, B.T., Herrick, J.E., 2006. Disentangling complex landscapes: 

New insights into arid and semiarid system dynamics. Bioscience 56, 491-501. 

Peters, D.P.C., Groffman, P.M., Nadelhoffer,K.J., Grimm, N.B., Collins, S.c., Michener, 

W.K., Huston, M.A., 2008. Living in an increasingly connected world: a framework for 

continental-scale environmental science. Frontiers EcoL Environ. 6, 229-237. 

Peters, D.P.C., Sala, O.E., Allen, C.D., Covich, A., Brunson, M., 2007. Cascading events 

in linked ecological and socio-economic systems: predicting change in an uncertain 

world. Front. Eco!. Environ. 5, 221-24. 

Pimentel, D. (Ed.), 1993. World Soil Erosion and Conservation. Cambridge Univ. Press, 

Cambridge, UK. 

Pimentel, D. 2000. Soil as an endangered ecosystem. Bioscience 50, 947-947. 

Pimentel, D., Harvey, C., Resosudarmo, P., Sinclair, K., Kurz, D., McNair, M., Crist, S., 

Shpritz, L., Fitton, L., Saffouri, R, Blair, R., 1995. Environmental and economic costs 

of soil erosion and conservation benefits. Science. 267,1117-1123. 

Pye, K., 1987. Aeolian dust and dust deposits. Academic Press, Boca Raton, Florida. 

19 




1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

Submitted to Aeolian Research: Field et al. - Toward a Phoenix Phase ojAeolian Research Dec 18, 2008 

Ravi, S., D'Odorico, P., Zobeck, T.M., Over, T.M., Collins, S., 2007. Feedbacks between 

fires and wind erosion in heterogeneous arid lands. J. Geophys Res-Biogeosciences 112, 

G04007. 

Ravi, S., D'Odorico, P., Over, T.M., Zobeck, T.M., 2004. On the effect of air humidity on 

soil susceptibility to wind erosion: The case of air-dry soils. Geophys. Res. Lett. 31, (9) 

L09501. 

Ravi, S., D'Odorico, P.A., 2005. Field-scale analysis of the dependence of wind erosion 

threshold velocity on air humidity. Geophys. Res. Lett. 32, (21) L21404. 

Reiners, W.A., Driese, K.L., 2004. Transport processes in nature: Propagation of ecological 

influences through environmental space. Cambridge University Press, United Kingdom. 

Schlesinger, W.H., Reynolds, J.F., Cunningham, G.L., Huenneke, L.F., Jarrell, W.M., 

Virginia, R.A., Whitford, W.G., 1990. Biological feedbacks in global desertification. 

Science 247, 1043-1048. 

Shao, Y.P., Shao, S.X. 2001. Wind erosion and wind erosion research in China: A review. 

Annals ofArid Zone 40,317-336. 

Toy, T.J., Foster, G.R., Renard, K.G., 2002. Soil erosion: processes, prediction, 

measurement and control. John Wiley & Sons, New York. 

United States Climate Change Science Program (US CCSP), 2008. Synthesis and 

Assessment Product 4.3. Washington, D.C. 

United States Department ofAgriculture (USDA), 2006. Conservation Resource brief: Soil 

Erosion. United States Department ofAgriculture, Natural Resources Conservation 

Service February 2006, Brief Number 0602. 

20 




1 

2 

3 

4 

5 

6 

7 

8 

9 

Submitted to Aeolian ReseaTCh: Field et aI. Toward a Phoenix Phase ojAeolian Research Dec 18,2008 

Visser, S.M., Sterk, G., Ribolzi, 0., 2004. Techniques for simultaneous quantification of 

wind and water erosion in semi-arid regions. J. Arid Environ. 59, 699-717. 

Whicker, J. J., Breshears, D.D., Wasiolek, P.T, Kirchner, T.B., Tavani, R.A., Schoep, 

D.A., Rodgers, J.e., 2002. Temporal and spatial variation of episodic wind erosion in 

unburned and burned semiarid shrubland. J. Environ Qual. 31, 599-612. 

Worster, D., 1979. Dust Bowl: the southern plains in the 1930s. Oxford University Press, 

New York. 

Zobeck, T.M., Sterk, G., Funk, R., Rajot, J.L., Stout, J.E., Van Pelt, R. S., 2003. 

Measurement and data analysis methods for field-scale wind erosion studies and model 

validation. Earth Surf. Proc. Landforms 28, 1163-1188. 

21 




------

-------

1 

Submitted to Aeolian Research: Field et al. Toward a Phoenix Phase ofAeolian Research Dec 18, 2008 

Table 1. Key knowledge gaps about aeolian processes relative to i1uvial processes 

Relative magnitudes 
across precipitation 
gradients 

Relative magnitudes 
across precipitation 
gradients 

I 

Interactions 

Interactions 

i Managemcnt and 

economics 


Total sediment transport from aeolian and fluvial 
processes is greatest in semiarid ecosystems relative to 
subhumid, humid and arid ones 

:Figs. la 
and 2a 

Aeolian processes are most sensitive to disturbance in 
semiarid ecosystems, whereas i1uvial are most sensitive to 
increases in humid ecosystems, and the amount of 
i1uviallhumid increase can be greater than 
aeolian/semiarid increase because cover can be reduced 
from complete to nothing) 

Figs. 1b 
and2b 

Aeolian and fluvial processes are interrelated at 
intermediate scales; aeolian transport primes f1uvial 
transport; fluvial transport concentrates and exposes 
sediment, increasing availability for aeolian transport; 
rainsplash simultaneously affects aeolian and fluvial 
components 

Fig.3a 

At small spatial and temporal aeolian and fluvial 
processes exhibit maximum potential for interactions, 
whereas at large scales the process are more decoupled as 
fluvial processes concentrate depositional area and aeolain 
processes disperse 

Fig.3b 

Wind and water erosion investments in control 
proportionally match risks associated with wind and water 
erOSIOn 

------­

Fig. 4 

-------­

Management and Cost for control of wind erosion per unit area is much Fig. 4 
economICS lower than costs for control of water erosion per unit area 

~~~~.~~-~~ 
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1 Figures 
2 

Humid 

~ ... Aeolian Transport 

-+ Fluvial Transport 

Sub-humid I Semiarid Arid 

-""'I ... 
Sediment Supply .... 

Undisturbed Vegetation Cover ­
Humid Sub -humid I Semiarid Arid 

::... Aeolian Transport 

-+ Fluvial Transport 

Post-disturbance Vegetation Cover 

...... 

..... 

3 
4 
5 Figure 1. Erosion behavior under undisturbed conditions (a) and post-disturbance (b) (length of arrow 
6 approximates transport distance and width of arrow approximates transport capacity or mass of sediment by aeolian 
7 [red] and fluvial [blue)). Vertical arrows indicate vertical dust flux and length represents the degree of connectivity. 
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7 potential total sediment transport for (a) for undisturbed, and (b) disturbed sites. At the most arid sites, aeolian 
8 sediment transport is supply limited (except for sand dunes) and at humid sites fluvial sediment transport is limited 
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8 dependent interactions between aeolian and fluvial transport, highlighting maximum interactions at plot scale. 

9 Width between red or blue lines indicate the maximum depositional area. Note that potential for sediment transport 


10 capacity increases with increasing scale but the maximum deposition area simultaneously decreases. Horizontal 
11 aeolian sediment transport can move to hillslope and landscape scales, whereas vertical aeolian dust flux can extend 
12 to regional scales and has the maximum deposition area. 
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Figure 4. 
Literature search results based on lSI Web of Knowledge: total number of aeolian and fluvial papers as a function of 
aridity (upper panel); total number of aeolian and fluvial papers in the 5 journals containing the most papers for 
aeolian and fluvial research (middle panel); and total number of aeolian and fluvial papers by erosional process and 
erosional impact (bottom panel). Searches were based on the following criteria (Timespan= 1978-2007. 
Databases=SCI-EXPANDED. Refined by: Document Type=( ARTICLE OR PROCEEDINGS PAPER OR 
REVIEW). Aeolian Processes: Topic=(aeolian OR eolian OR loess OR "wind erosion" OR "wind-driven transport" 
OR "surface creep" OR saltation OR "dust flux" OR "dust transport" OR "dust load"). Fluvial Processes: 
Topic=(fluvial OR alluvium OR alluvial OR "water erosion" OR "sheet erosion" OR "rill erosion" OR "gully 
erosion" OR "channel erosion" OR "suspended sediment load" OR "bedload"). Both Processes: at least one term 
from aeolian search and one term from fluvial search. 
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