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ABSTRACT 

Restoration efforts in arid and semi-arid ecosystems continue to remain limited by high 

seedling mortality. The physical conditions of these environments are heavily altered by 

previous land use, and often characterized by strong winds.  While many factors (soil, water, 

seed genetics) are well understood and heavily manipulated during restoration practice, 

incorporation of ecosystem aerodynamics remains far under-utilized. The investigation 

identified canopy flow wind regimes across several native Australian vegetation communities 

and mapped variation of near-ground wind profiles across a 20-year post-mine Banksia 

Woodland restoration chronosequence. Additionally, the study investigated the impact of 

wind exposure on the growth and ecophysiology of a keystone species, Banksia attenuata, 

during the first ten months following seeding. Results indicate that wind in Australian 

vegetation communities logically progress between the logarithmic profile of low, open 

landscapes, and near-complete attenuation within the canopy, with near-ground wind speeds 

decreasing as structural complexity increased in the canopy. Within the context of the post-

mine restoration chronosequence, wind profiles reflected a similar pattern, with increased 

wind speeds in early-stage restoration giving way to more attenuated profiles as vegetation 

re-established in mid- and late-stage restoration. Increasing wind exposure significantly 

impacted growth and morphology in Banksia attenuata seedlings, yet ecophysiological 

impacts remain unclear. Continued research investigating the mechanistic underpinnings of 

wind as an ecological factor is warranted, enhancing canopy-flow models for heterogeneous 

systems, and facilitating the development of mechanistically informed best practice in 

restoration of arid and semi-arid systems.   
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1 GENERAL INTRODUCTION 

1.1 Global Ecosystem Loss and the Importance of Restoration 

Anthropogenic disturbance has driven significant global declines in biodiversity, habitat, and 

ecosystem function (Bullock et al., 2011, Perring et al., 2015), resulting in the global degradation 

or unsustainable use of an estimated 60% of ecosystem services (Millennium Ecosystem 

Assessment, 2005a). The world’s forests have contracted by 129 million hectares since 1990 

(Abbas et al., 2016), reaching a disturbance rate of almost 13 million ha per year in the period 

from 2000 to 2005 (Aronson et al., 2010); and may now only represent half of their potential 

extent (Adams & Faure, 1997, Laverty & Gibbs, 2007). Tall-, mixed-, and short-grass prairie 

grasslands have decreased by 97%, 64%, and 66% respectively since 1830 (Laverty & Gibbs, 

2007), and nearly 20% of arid and semi-arid systems are now degraded (Millennium Ecosystem 

Assessment, 2005b). The ecological cascades resulting from biodiversity loss and disruption of 

ecological function are likely to impact humanity at a global scale (Millennium Ecosystem 

Assessment, 2005a). Ecological restoration has substantial potential in reversing climate change 

and biodiversity loss throughout the world (Harris et al., 2006, Aronson & Alexander, 2013, 

Perring et al., 2015).  

As the challenge of ecosystem collapse has continued to grow, conservation and restoration 

efforts have become an international priority. The United Nations (UN) declared 2021-2030 the 

UN Decade on Ecosystem Restoration (United Nations Environment Agency, 2019). Other 

international initiatives such as the Convention on Biological Diversity (CBD, 
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https://www.cbd.int/), the Millennium Development Goals (UN, 2015), and the Bonn Challenge 

(IUCN, 2016), also seek to engage scientific research, industry practitioners, and citizen groups in 

sustainable development projects. There remains, however, a disconnect between these 

ambitions at a global scale and their achievement, the success of which must be driven at the 

project and landscape scale by practitioners and stakeholders, who enter each project with 

varying investment capacity and vastly different ecological knowledge bases. Thus, despite 

billions of dollars invested to advance the science and technology of ecological restoration, the 

success of individual project outcomes continues to vary significantly (Crouzeilles et al., 2016, 

David et al., 2016, Masarei et al., 2021), underscoring the need for science-driven policy, and an 

effective melding of ecological restoration research and practice.  

 

1.2 The Science and Practice of Restoration 

The recent positioning of restoration as a global priority holds incredible potential to fuel 

advancements across both the science and practice sectors of the discipline. Historically, there 

have been several terms associated with efforts aimed to counter anthropogenically triggered 

ecological degradation. The Society for Ecological Restoration (Gann et al., 2019) has identified 

four major categories of restorative practice used to mitigate human impact, including 1) 

reducing societal impacts (promoting practices that reduces adverse environmental impacts), 2) 

remediation (removal of contaminants), 3) rehabilitation (active management to reinstate 

ecosystem functioning), and the subject of this research, 4) ecological restoration, formally 
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defined as “the process of assisting the recovery of an ecosystem that has been degraded, 

damaged, or destroyed…always address[ing] biodiversity conservation and ecological integrity” 

(Gann et al., 2019). Ecological restoration (the practice) is informed by restoration ecology (the 

science), “the branch of ecological science that provides concepts, models, methodologies and 

tools for the practice of ecological restoration” (Gann et al., 2019). While a unified conceptual 

model is still in development (Halle & Fattorini, 2004), an abundance of regional and system 

specific guidelines have been developed in an effort to link ecological theory with on-the-ground 

implementation, while the Society for Ecological Restoration has led development of guiding 

frameworks through certification programs, open-source resources, and publications of 

international primers and policy articles (Society for Ecological Restoration International Science 

& Policy Working Group, 2004, Gann et al., 2019). 

Although restoration ecology is a relatively young scientific discipline, it is a rapidly emerging one 

(Young et al., 2005, Roberts et al., 2009), that has evolved from a management-driven effort 

predominantly focused on plant establishment (Young, 2000, Perring et al., 2015), to a broad, 

diverse discipline, driven by science-based practice aimed at alleviating threats, repairing 

ecosystem functionality, and aiding in the recovery of physical conditions, flora and fauna 

composition, and external exchanges (Perring et al., 2015, McDonald et al., 2016b, Gann et al., 

2019). An extensive knowledge base has been established detailing scientific theory and best-

practice management for many of the critical biotic and abiotic factors contributing to these 

central ecosystem attributes. A growing number of large-scale reviews are working to build out 
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conceptual frameworks (King & Hobbs, 2006, Miller et al., 2017), regional and system-specific 

reviews/management guidelines (Cooke & Johnson, 2002, Stevens et al., 2016, Guan et al., 2019, 

Valliere et al., 2021); while also critically evaluating monitoring, assessment protocols, and 

outcomes related to restoration success (Suding, 2011, Wortley et al., 2013). Considerable work 

has identified best-practice management and underlying mechanisms for biological factors 

including target species genetics (Kettenring et al., 2014, Williams et al., 2014, Mijangos et al., 

2015), seed biology (Pedrini et al., 2020, Brown et al., 2021), plant physiology (Cooke & Suski, 

2008, Tomlinson et al., 2021), fauna establishment (Catterall, 2018), and invasive species 

management (Weidlich et al., 2020). Likewise, there is a considerable literature pool focused on 

unpacking abiotic factors from an academic and practitioner perspective, including heat stress 

(Wahid et al., 2007, Jagadish et al., 2021, Lewandrowski et al., 2021, Rajapakshe et al., 2022), 

drought (McDowell et al., 2008, Valliere et al., 2019, Lewandrowski et al., 2021, Zhu et al., 2022), 

salinity (Wong et al., 2010, Shrivastava & Kumar, 2015), nutrient cycling (Schoenholtz et al., 2000, 

Wong et al., 2010), and soil ecology (Callaham et al., 2008, Heneghan et al., 2008, Nolan et al., 

2021). Abiotic stress presents a definitive barrier to restoration success (Hobbs & Harris, 2001, 

Ehleringer & Sandquist, 2006), as ecological degradation driven by abiotic factors often require 

active intervention to resolve, require significant investment, and must be resolved before 

shifting focus to biotic manipulation (Hobbs & Harris, 2001, Cross et al., 2017). Yet across systems 

and biomes there remains a distinct gap, as science-driven management guidelines and the 

related mechanistic underpinnings of the dynamics of wind as an abiotic factor remain largely 

unexplored.   
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1.3 The Role of Wind in Ecology and Restoration 

Given the well-established role of wind as an ecological factor, the absence of a larger body of 

literature developing a unified mechanistic understanding of wind in restoration or the 

integration of monitoring/mitigation in standardized management practice remains curious. 

Wind influences microclimatic temperature and humidity regimes (Pereira & Shaw, 1980, Zeng 

& Takahashi, 2000, Bohm et al., 2013). Damage due to wind erosion can present enormous 

challenges to coastal dune stabilization projects (O’Connell, 2008, Khalil & Raynie, 2015) and 

regions challenged by desertification (Li et al., 2006, Gao-Lin et al., 2011, Yuan et al., 2012). 

Chronic wind, even at low intensities, influences plant physiology (Ennos, 1997, Read & Stokes, 

2006, de Langre, 2008, Gardiner et al., 2016) can significantly affect plant growth and vigour 

(Pereira & Shaw, 1980, Bohm et al., 2013), and contribute to seed and pathogen distribution 

(Katul et al., 2005, Ord, 2007, Nathan et al., 2011). While the detrimental impacts of abiotic stress 

on plant growth are well established (Hobbs & Harris, 2001, Ehleringer & Sandquist, 2006), 

incorporating active management of wind regimes as a standard practice in ecological restoration 

projects is not. 

1.4 Canopy Flow Aerodynamics and Existing Theoretical Models  

Understanding the role of canopy flow in ecological restoration holds immense potential to 

mitigate the detrimental effects of wind stress and aid recovery in conservation and restoration 

efforts. Our understanding of canopy flow dynamics has evolved substantially since the 

emergence of the discipline in the early 20th century, with several key reviews (Raupach & Thom, 
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1981, Finnigan, 2000, Brunet, 2020) detailing the major advancements. This discussion limits its 

scope to focus on canopy flow in flat, terrestrial systems in near-neutral conditions, therefore 

excluding discussions of topography impacts (see Kaimal & Finnigan, 1994, Finnigan et al., 2020), 

aquatic canopy flow (see Nepf, 2012), comparisons of diabatic stability (see Brunet & Irvine, 

2000), and scalar transport (see Katul et al., 2013).   

A continuous canopy body, defined as a distribution of plant elements (stems, branches) with a 

stream-wise length-scale and width far greater than the vegetation height (Nepf & Ghisalberti, 

2008), influences near-surface wind patterns in several ways. The capacity of a canopy to exert 

drag and attenuate wind flow is directly related to the canopy density, a parameter traditionally 

quantified by leaf (or plant) area index, A, the total surface area of plant parts per unit ground 

area, or by frontal area index, 𝜆(≈ 𝐴/2), the total frontal area of all plant parts projected in the 

wind direction, per unit ground area (Brunet, 2020). Generally, wind speed attenuation increases 

with depth into the canopy (de Souza et al., 2016). The introduction of vegetation also influences 

turbulent intensity, which increases with the introduction of sparse vegetation, then decreases 

as canopy density continues to increase and become more homogenous (Nepf, 1999). In the 

absence of vegetation, flow above a surface follows boundary-layer dynamics (Kaimal & Finnigan, 

1994); where, under near-neutral atmospheric conditions, flow over a rough or smooth bed has 

been modelled as, 

 𝑢(𝑧) =  (
𝑢∗

𝜅
) ln (

𝑧

𝑧0
) (1.1) 
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where u is the mean wind speed, z is the height above the surface, u* is the friction velocity (𝜏 =

𝜌𝑢∗
2), z0 is a surface roughness parameter, and 𝜅 is the von Karman constant (𝜅= 0.41) (Kaimal 

& Finnigan, 1994, Nepf & Ghisalberti, 2008).  

In sufficiently open landscapes (λ < 0.1), boundary layer dynamics continue to dominate (Brunet, 

2020). The presence of vegetation in this case modifies the characteristics of the surface, 

increasing drag and surface roughness, traditionally accounted for by adjusting the surface 

roughness parameter, z0, and adding a zero-plane displacement parameter, d, within the 

logarithmic model (Figure 1.1.a). 

 𝑢(𝑧) =  (
𝑢∗

𝜅
) ln (

𝑧−𝑑

𝑧0
) (1.2) 

The surface roughness parameter, z0, characterizes the roughness of the underlying surface 

elements (Yang et al., 2008), ranging from 0.008 m for lawn grass, to 0.5 m for forests or 

woodlands, to 3.0 m for city skyscrapers (Rogers et al., 2005, Anjum, 2014). The zero-plane 

displacement parameter, d, represents the vertical centroid of momentum absorption (Nepf & 

Ghisalberti, 2008), effectively the distance that the canopy displaces the wind profile above the 

ground (Tanny & Cohen, 2003). This model has been found to apply well to wind profiles in open, 

homogeneous landscapes (Wilson, 1989, Nathan et al., 2011). 
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Figure 1.1: In the absence of vegetation, flow patterns are often predicted using boundary-layer dynamics and the 
traditional log-law approach (a); while in vegetated canopies, mixing-layer dynamics apply (b). In dense, 
homogeneous canopies, flow can be described using an exponential approach in the canopy sublayer (CSL), a 
modified log-law approach (Harman & Finnigan, 2007) in the roughness sublayer (RSL), and the traditional log-law 
approach in the inertial sublayer (ISL). While past approaches have applied log-law (b. dotted line) down to canopy 
height (z=h), this diverges from observed values, while the Harman and Finnigan (2007) approach (b. dashed line) 
has been shown to couple the canopy-, roughness-, and inertial-sublayers more effectively. While eddy scale cascades 
in boundary-layer dynamics (c) within vegetated canopies, flow is dominated by large-coherent structures operating 
in the roughness sublayer (d). (Panel b adapted from Harman and Finnigan, 2007); Panel c and d adapted from Poggi 
et al., 2004b). 
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Initially, efforts to model canopy flow in vegetated systems extended the use of the logarithmic 

model (Eq 1.2) above the canopy, working under the assumption that canopy flow behaved as a 

boundary-layer overlaid with a series of element wakes (Prandtl, 1932, Deacon, 1949). Early 

research focused on sub-canopy flow, where monitoring mean wind speed profiles across a range 

of systems identified a consistent decrease in mean wind speed in the upper canopy and a 

distinctive inflection point at the top of the canopy (Brunet, 2020). Subsequent research focused 

on building a mechanistic understanding of canopy flow (Inoue, 1955a,b,c, Inoue, 1963, Cionco, 

1965), and led to the development of the exponential model  

 �̅�(𝑧) =  𝑈ℎexp [−𝛼1 (1 −
𝑧

ℎ
)] (1.3) 

where uh is the mean flow at canopy height, and α1 is an empirical fitting parameter that increases 

with canopy density (Brunet, 2020). This model conforms well to observed data for sub-canopy 

flow (Inoue, 1963, Raupach & Thom, 1981, Nathan et al., 2011) and is widely used to describe 

the vertical wind profile in simple canopies (i.e., dense, homogenous forests and agricultural 

crops).  

Yet, in the late 20th century, several limitations emerged that undermined the approach applying 

the log-law (Eq 1.2) above the canopy, with the exponential model (Eq 1.3) within the canopy. 

Efforts to match the exponential model (Eq 1.3) within the canopy with the log-law (Eq 1.2) above 

the canopy revealed empirical observations that diverged from predicted values near the canopy 

top. This can be seen in Figure 1.1.b, which depicts the mismatch of the log-law applied at the 
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canopy top (dotted line), and the Harman & Finnigan (2007) model (dashed line), a recent 

approach that effectively couples flow within and above the canopy. Cellier & Brunet (1992) 

observed empirical wind speed, temperature, and humidity values that did not align with 

projections of the log-law (Eq 1.2) immediately above the canopy, while Kaimal & Finnigan (1994) 

describe eddy diffusion coefficients that were increased relative to log-law predictions. Further, 

across a range of canopies, observed values of 𝛽 = 𝑢∗ 𝑢ℎ ≈ 0.3⁄  in neutral conditions (Harman 

& Finnigan, 2007), were found to diverge from Monin-Obukhov predictions where 𝛽 ≈ 𝜅/2 ≈

0.2; indicating eddies at the canopy top may be more effective at transferring momentum than 

the traditional log-law would predict. 

Yet perhaps the most fundamental distinction between boundary- and mixing-layer dynamics 

(and correspondingly, flow in the absence of vegetation and flow through sufficiently dense 

vegetation) is seen in the evaluation of characteristic eddy length scales. In boundary-layer 

dynamics, eddies are constrained by the wall (Figure 1.1.c), and therefore scale with distance 

from the surface (𝐿𝐵𝐿 = (𝑧 − 𝑑); Poggi et al., 2004b). Yet at the porous canopy top (Figure 1.1.d) 

this constraint is absent, and the characteristic eddy length scale in mixing-layers, LML, scales on 

the shear length scale, LS, rather than on height (i.e. 𝐿𝑀𝐿 = 2𝐿𝑆 = 2(�̅� (𝑑�̅� 𝑑𝑧⁄ )⁄ )𝑧=ℎ; Poggi et 

al., 2004b). Deep within the canopy, von Karman vortex streets dominate (Figure 1.1.d), whose 

length scale, Lv, scales with the diameter of the roughness element, dr, (𝐿𝑉 = 𝑑𝑟 0.21⁄ ; Poggi et 

al., 2004b). As the larger eddies encounter the pressure drag of the foliage, energy is rapidly 

dissipated by the ‘spectral short cut’ mechanism bypassing the inertial eddy cascade (Finnigan, 
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2000, Poggi et al., 2004b). Applying the law-of-the-wall approach in vegetated canopies 

introduces inaccuracies, as it misrepresents the size and efficiency of momentum transfer of the 

large coherent structures operating at the top of canopy.  

To rectify these inconsistencies, researchers applied several new analyses to understand 

turbulence patterns in canopies. Building on Inoue’s early work (1955a,b,c), researchers used 

quadrant-hole analyses (Finnigan, 1979a,b, Gardiner, 1994) to develop a greater understanding 

of turbulence patterns including sweep events (parcels of high-momentum air moving downward 

quickly) and ejection events (parcels of low-momentum air moving upward). Subsequent work 

with high-frequency time series, particularly that of Gao et al. (1989), revealed coherent ramps 

operating across the canopy (from mid-canopy to ~2.5h). Analysis of wavelet transforms 

(Collineau & Brunet, 1993a, Lu & Fitzjarrald, 1994), provided clarity on the temporal progression 

of ejections to sweeps, while the application of empirical orthogonal function analysis (Lumley, 

1967, 1981, Finnigan & Shaw, 2000) helped bring clarity to understanding the spatial structure of 

dominant eddies. Large eddy simulation, introduced to turbulent flow by Shaw & Schumann 

(1992), is now widely used to visualize flow patterns in vegetation canopies (Dupont et al., 2010, 

Finnigan et al., 2009). This large body of work enabled large coherent structures operating in the 

roughness sublayer to be revealed and characterized across temporal and spatial scales. As a 

result, the discipline experienced a fundamental shift, transitioning from approaching canopy 

flow using predominantly boundary-layer dynamics (Prandtl, 1932, Deacon, 1949), to instead 

view canopy flow through the lens of mixing-layer dynamics (Raupach et al., 1996). 
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Under more modern approaches, systems with a dense vegetation canopy are conceptualised as 

consisting of three distinct sublayers (Figure 1.1.b): the “canopy sublayer” (CSL) extending from 

the ground to the top of the canopy (z = h), the “roughness sublayer” (RSL) in which vertical wind 

profiles diverge from the law-of-the-wall (typically reaching up to 2h-3h), and the “inertial 

sublayer” (ISL) far above the canopy top (>2h-3h) where the law-of-the-wall model applies 

(Harman & Finnigan, 2007, Brunet, 2020). 

Above the canopy, in the roughness sublayer (RSL), mixing layer dynamics prevail. Mixing layer 

dynamics occur when adjacent flows of different speeds are allowed to mix (Brunet, 2020), 

resulting in a turbulence pattern with distinct characteristics. An inviscid instability triggers an 

inflection point near the canopy top which results in the formation of a Kelvin-Helmholtz (KH) 

wave (Raupach et al., 1996, Brunet, 2020) with a wavelength proportional to the vorticity 

thickness, 𝛿𝑤 = ∆𝑈/(𝑑𝑈 𝑑𝑧⁄ )𝑚𝑎𝑥. This wave then develops into Stuart vortices (Raupach et al., 

1996, Brunet, 2020), which stretch and wrap around those near to them to form hairpin vortices: 

an upstream, head-down, sweep-generating hairpin vortex, paired with a downstream, head-up, 

ejection-generating hairpin vortex, joined by a scalar micro front (Finnigan et al., 2009, Gavrilov 

et al., 2013). It is the actions of these large coherent eddies which dominate and drive flow 

patterns through the roughness and canopy sublayers (Finnigan, 2000, Brunet, 2020). Within the 

canopy sublayer (CSL), the exponential model (Eq 1.3) described above continues to provide a 

suitable model fit; while far above the canopy (> 2 to 3h) in the inertial sublayer (ISL), the impact 
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of the canopy on the flow is minimal, and the log-law (Eq 1.2) provides an accurate model 

(Finnigan, 2000, Brunet, 2020).  

In an effort to develop a model that effectively couples flow across the canopy-, roughness-, and 

inertial-sublayer, and is capable of accounting for dynamic variations in canopy structure, several 

advanced, higher-order modeling approaches have been proposed. Wilson and Shaw (1977) 

were the first to utilize a higher-order modeling approach in canopy flow work, leading to several 

studies applying a Reynolds-averaged Navier-Stokes (RANS) approach (Albini, 1981, Meyers & 

Paw, 1986, Wilson, 1988, Ayotte et al., 1999) to develop second- and third-order closures. While 

higher-order modeling approaches are well established, they are often criticized for their 

complexity, computational cost, or for their disconnect from physical reasoning (Finnigan et al., 

2015). Another subset of work investigated first-order closures termed the ‘velocity-squared 

approach’ (Yi et al., 2005, Yi, 2008), related local shearing stress to the square of local mean 

velocity (Yi et al., 2005, Finnigan et al., 2015), yet this approach has since been largely discounted 

as it fails to provide physically realistic results and is generally discouraged in modern turbulence 

work (Finnigan et al., 2015). The development of 1.5 order closure models has helped to reduce 

computational cost while retaining accurate prediction of wind properties (Finnigan et al., 2015, 

Brunet, 2020).  

Recent work has focused on resolving inconsistencies within the roughness sublayer. Two 

modeling approaches which stand out for their ability to accurately couple the canopy-, 

roughness-, and inertial-sublayers across a range of systems are the approaches developed by 
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Poggi et al., (2004b) and by Harman & Finnigan (2007). Poggi et al. (2004b) proposed a model for 

canopy flow which works to account for large coherent structures by introducing vorticity 

thickness, estimated as a function of canopy density and basic velocity scales. While this 

approach provided a strong model fit across a range of canopy densities (Poggi et al., 2004b), 

limitations were identified when extended to non-neutral conditions (Harman & Finnigan, 2007). 

Harman and Finnigan (2007) also developed a physically motivated modeling approach, 

consistent across a range of canopy densities and diabatic stabilities. The Harman and Finnigan 

(2007) approach (Figure 1.1.b) applies the exponential model (Eq. 1.3) within the canopy (z < h), 

and a modified gradient form, Φ𝑚, of the traditional log-law (Eq. 1.2) above the canopy (z < h) 

 Φ𝑚 =
𝜅(𝑧+𝑑𝑡)

𝑢∗

𝑑𝑈

𝑑𝑧
 (1.4) 

where the coordinate system is shifted so that the vertical origin is located at canopy height, h, 

and displacement height, dt = h – d, is therefore incorporated as (z + dt) instead of (z – d). To 

account for the influence of large coherent structures within the roughness sublayer, this 

gradient form (Eq. 1.4) is modified through a multiplicative adjustment function,  

 �̂�𝑚(𝑧) = 1 − 𝑐1𝑒𝑥𝑝 {−
𝛽𝑐2(𝑧+𝑑𝑡)

ℓ
} (1.5) 

where 𝑐1 = [1 − 𝑘 (2𝛽)⁄ ]𝑒𝑥𝑝(𝑐2 2⁄ ) is a constant of integration, 𝛽 = 𝑢∗ 𝑈ℎ⁄ , and 𝑐2 = 0.5 is a 

constant relating the vertical scale of the roughness sublayer to the vorticity thickness at the 

canopy top; while the mixing length, ℓ = 2𝛽3𝐿𝑐  relates the flow to canopy structure through the 

canopy penetration depth parameter, 𝐿𝑐 = (𝑐𝑑𝜆)−1, cd represents a leaf scale drag coefficient, 
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and λ represents canopy density as leaf area per unit volume. This modeling approach has been 

applied to a range of forest and orchard canopies (Harman & Finnigan, 2007, Weligepolage et al., 

2012, Shapkalijevski et al., 2016), and has been shown to conform well to observed data across 

the roughness sublayer.  

While these modeling approaches have made considerable progress coupling profiles across the 

canopy-roughness-inertial sublayers, limitations remain. Many of these approaches continue to 

work under ‘idealized’ systems – mature, dense, homogeneous canopies. Less idealized systems, 

such as those seen in sparse, spatially heterogeneous canopies, and post-disturbance systems, 

introduce substantial variability, and minimize likeliness of developing a single unified model. 

Nonetheless, a sizeable number of ecosystems, particularly those targeted for conservation and 

restoration fall into this ‘less idealized’ category, therefore it is critical to understand the impacts 

of canopy density, heterogeneity, and disturbance on flow in the canopy and roughness sublayer. 

Further, these complex approaches can limit functionality, requiring a large number of input 

parameters for canopy and flow characteristics. This requires either, precise a priori knowledge, 

empirical monitoring of parameter values, or increased sample size to accommodate additional 

fitting parameters. Within the context of this study, the challenges of a highly parameterized and 

empirically driven candidate modeling set, as well as the limitations of the data and resources 

available, made consideration of the complex higher-order models quite challenging. There is a 

need to bridge the gap, either through development of a more unified modeling approach, or 

accessible implementation tools.  
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That said, there is also a great deal to learn from comparative analysis of core parameters through 

broad-scale research and meta-analysis. In addition to independent studies, a global network of 

micrometeorological towers, FLUXNET (Baldocchi et al., 2001), has facilitated the monitoring of 

carbon, water, and energy flux measurement across a diverse range of systems and biomes. 

Within Australia, the regional component of FLUXNET, the OzFLUX network (Beringer et al., 2016, 

Beringer et al., 2022), is comprised of twenty-four active monitoring sites, four of which are in 

Western Australia. As a long-term, multi-investigator, globally scaled network of research 

facilities, FLUXNET offers a unique opportunity to advance investigations into the land-

atmosphere interface. 

Meta-analysis of the effects of canopy density have been evaluated across a number of studies 

and reviews, most notably, the ‘family portraits’ of communities by Raupach et al. (1996), which 

compared forest (Denmead & Bradley, 1987, Baldocchi & Meyers, 1988a,b, Amiro, 1990a, 

Gardiner, 1994), crop (maize: Shaw et al., 1974, Wilson et al., 1982), and wind tunnel (Seginer et 

al., 1976, Raupach et al., 1986, Brunet et al., 1994) systems with a wide range in canopy densities; 

a framework added to by Brunet (2020) with additional communities (large-eddy simulations: 

Yue et al., 2007a; wind tunnel studies: Novak et al., 2000; forests: Kruijt et al., 2000, Dupont et 

al., 2011; orchards: Dupont & Patton, 2012a; rice: Hong et al., 2002). Poggi et al. (2004b) and 

Harman and Finnigan (2007) also both include a comparison of canopy densities (in a flume 

experiment and forest systems, respectively). Consistently across this body of work, as canopy 

density increases, mean velocity within the canopy decreases and shear length scale increases, 
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while the magnitude of inflection in the mean wind profile increases, and momentum flux 

becomes more efficient near the canopy top (Poggi et al., 2004b, Brunet, 2020).  

At the extremes of the canopy density spectrum (either extremely dense or extremely sparse 

canopies), there are important limitations to the mixing layer analogy to consider. An extremely 

dense canopy may dampen Kelvin-Helmholtz instability and limit eddy penetration (Cionco, 1978, 

Sharma & Garcia-Mayoral, 2020b). In sparse canopies, roughness elements fail to act as a single 

body, no inflection point is formed, and flow instead resembles boundary-layer dynamics 

overlaid with element wakes (Poggi et al., 2004b, Cava & Katul, 2008, Dupont et al., 2012, Brunet, 

2020), While thresholds for the application of the mixing layer analogy are not well established 

(Brunet, 2020), mixing layer dynamics have been observed in canopies with λ as high as 8 (Huang 

et al., 2009), while sparse canopies begin to diverge from mixing-layer characteristics at λ < 0.5 

(Brunet, 2020), and return to boundary-layer dynamics paired with element wakes at λ < 0.1  

(Sharma & Garcia-Mayoral, 2020a).   

Understanding the influence of canopy density on the flow profiles, and the logical limits of the 

mixing-layer analogy, is vital to reach beyond idealized systems to a wider range of real-world 

applications. Yet, in reviewing the literature, many of the established modeling approaches 

assume dense canopy conditions. Harman and Finnigan (2007) explicitly state they “will consider 

dense canopies only”, while Poggi et al. (2004b) “assum[e] that for dense canopies all the 

momentum is absorbed by the canopy” (i.e., zero shear stress at the bed). There is a need for 

further research addressing the transition zones between mixing-layer and boundary-layer 
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dynamics, refining thresholds, and enhancing understanding of the mechanisms driving the 

transition from one conceptual model to the next (Brunet, 2020).  

Heterogeneity and spatial structure within canopies is also important to consider, as it can 

influence variability in canopy flow patterns. Systems with similar canopy densities, but with 

distinct spatial distribution of roughness elements (i.e., homogeneous defoliated forest vs. sparse 

open savannah vs. structured row crops & orchards) are likely to display distinct flow patterns 

(Brunet, 2020). Frequent gaps and clearings within a canopy can alter eddy penetration (Pietri et 

al., 2009, Bailey & Stoll, 2013), generate recirculation areas and edge-effects (Dupont & Brunet, 

2008b, Schlegel et al., 2012, Poette et al., 2017), causing sub-canopy flow to continually adjust 

to changing canopy architecture. Variation in canopy structure, particularly shifts in canopy 

density or presence of open trunk space can result in increases in horizontal advection and the 

likelihood of sub-canopy jets (Dupont & Brunet, 2008b, Poette et al., 2017).  

Accurately capturing information on canopy structure presents one of the largest challenges to 

understanding canopy flow through heterogeneous canopies (Boudreault et al., 2015). Detailed, 

manual measurements are often labour-intensive and impractical, yet oversimplification of 

structural parameters can result in decreased accuracy in the modeling approach (Boudreault et 

al., 2015). Emerging work using technologies, such as terrestrial laser scans (Schlegel et al., 2012, 

Boudreault et al., 2015) hope to bridge the gap, yet more work in this area is certainly warranted. 

While canopy flow is often evaluated at a whole-canopy scale, the microclimate in the near-

ground region (z < 3m) is of particular interest in the context of emerging seedlings. Research in 
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the past several decades has focused extensively on the roughness sublayer above the canopy, 

and the influence of the large coherent structures operating within that region (Raupach et al., 

1996, Finnigan, 2000, Brunet, 2020). The literature investigating wind profiles through the 

understory is more limited. In systems with dense, homogeneous canopies, momentum is often 

assumed to be absorbed completely before reaching the canopy floor, with the exact location of 

the ground therefore considered negligible (Harman & Finnigan, 2007). While large coherent 

structures drive flow patterns throughout the canopy, within the understory, localized flow can 

also be influenced by wake effects around roughness elements, pressure gradients, and 

convection patterns. Investigations into near-ground flow have focused primarily on localized 

convection patterns (Schilperoort et al., 2020), regional pressure gradients (Staebler & Fitzjarrald, 

2005, Mission et al., 2007c), and eddy-covariance flux measurements (Denmead & Bradley, 1985, 

Baldocchi et al., 2001). Localized effects are likely to become more variable with increasing 

canopy heterogeneity and decreased canopy density. It is also important to consider that canopy 

structure in the near-ground region is often substantially modified following disturbance. This 

underscores the need to characterize near-ground canopy flow patterns in the context of newly 

emerging seedlings, particularly in sparse, heterogeneous, and post-disturbance systems.  

 

1.5 Identifying Literature Gaps and Impacts 

Ecological restoration is currently positioned as a global priority (Aronson & Alexander, 2013, 

Perring et al., 2015, Mills et al., 2020) yet continues to face challenges related to implementation 
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and outcomes (Crouzeilles et al., 2016, David et al., 2016, Masarei et al., 2021). Although best 

practice in conservation and restoration has evolved significantly in relation to many biotic and 

abiotic factors (Suding, 2011, Perring et al., 2015, Miller et al., 2017, Gann et al., 2019), active 

monitoring and mitigation of wind stress and flow patterns remain conspicuously absent from 

standardized practice.  

The investigations of near-ground wind speed presented here in Chapter 3 and Chapter 4 strive 

to address a number of literature gaps identified within the canopy flow discipline. One of the 

most apparent is the selection of study communities, each of which overlay key mining resources 

within Western Australia (Sargent, 2020) and are considered a conservation priority (EPBC Act, 

1999, Department of the Environment and Energy, 2017a-f). While there are now four OzFLUX 

towers in Western Australia (Beringer et al., 2016, Beringer et al., 2022) capable of contributing 

to canopy flow research, as far as we know, no previous research has been published presenting 

empirical wind speeds for our study communities (Chapter 3), or for post-disturbance and 

ecological restoration sites (Chapter 4). The work presented here would therefore represent the 

first measurements of their kind and serve as a potential launch-point for the development of a 

broader ongoing research agenda.  

While unified canopy flow theory has been established for dense, closed canopies (Finnigan, 

2000, Harman & Finnigan, 2007, Brunet, 2020), there remain pockets of disparate canopy 

systems for which the established modeling approach may present limitations. In their recent 

review, Brunet (2020) identifies that further research is needed to unpack flow dynamics where 
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the limits of the mixing-layer approach applies, additionally remarking that the threshold point 

where decreasing canopy density forces a transition from mixing layer dynamics to boundary 

layer dynamics has not been sufficiently investigated, a sentiment echoed by Finnigan (2000) in 

an earlier review. The concept of an identifiable transition point between mixing- and boundary-

layer dynamics is especially applicable to the work presented here, as both the native Australian 

vegetation communities, and the chronosequence of restoration spanned gradients from open, 

sparse canopies to dense, closed canopies, and were therefore positioned to investigate 

transitional dynamics across the canopy density threshold Brunet (2020) identified.  

The large majority of canopy flow work has focused on dense, closed, spatially homogeneous 

systems, as simple canopies more conducive to modelling pursuits. Investigating 

complex/heterogeneous canopy morphologies has remained limited as experiments of this type 

are labour intensive and challenging to implement (Dupont & Brunet, 2008b), without 

oversimplifying canopy features or decreasing study resolution. And yet, many real-world 

systems fall into this less ideal heterogeneous classification, where increased variability and 

unique features (such as gaps and clearings) present result in subcanopy wind profiles that do 

not conform to the unified model. Indeed, post-disturbance systems are often inherently sparse 

or heterogeneous, and present highly complex systems that continually evolve with community 

assembly over time and are likely to diverge from canopy flow models established for dense, 

homogeneous systems. More research is warranted to accurately characterize heterogeneous 
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canopies and their subcanopy flow patterns (Finnigan, 2000) in order to extend existing 

theoretical work across these more complex systems. 

Another noteworthy feature of the study is the utilization of a distinct view-frame, focusing 

canopy flow observations solely within the ‘near-ground’ region (z < 3 m) in an effort to align 

monitoring efforts with the most biologically relevant microclimate for emerging seedlings. 

Contextually, canopy flow work is often focused at a whole-canopy scale, with reduced 

monitoring in the sub-canopy layer (often within the crown layer). ‘Near-ground’ flow is 

addressed only briefly in the literature, with isolated papers discussing localized convection 

patterns (Schilperoort et al., 2020), regional pressure gradients (Staebler & Fitzjarrald, 2005, 

Mission et al., 2007c), and eddy-covariance flux measurements (Denmead & Bradley, 1985, 

Baldocchi et al., 2001), in relation to flow in the canopy understory. This likely draws both from 

the heavy focus in recent decades on characterizing flow dynamics within the roughness sublayer 

above the canopy (Raupach et al., 1996, Finnigan, 2000, Brunet, 2020), as well as the use of 

dense, closed canopies where momentum is assumed to be completely absorbed at some point 

above the ground (Poggi et al, 2004b, Harman and Finnigan, 2007). For a turbulence professional 

focused on landscape-scale dynamics and canopy-atmosphere coupling, the near-ground layer 

offers little excitement – however, for a restoration ecologist working to understand the 

mechanisms driving establishment of a 5cm tall seedling, the dynamics of the understory 

microclimate are crucial.  
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While several complex modelling approaches have been developed for canopy flow (Finnigan, 

2000, Brunet, 2020), they are computationally costly, can disconnect from physical reasoning, 

and can place pressure on the experimental scope and resources, requiring extensive empirical 

or a priori knowledge of canopy structure to accommodate large numbers of input parameters. 

As a result, there has been a continual push within the canopy flow discipline to develop 

physically motivated first-order approaches (Harman & Finnigan, 2007). The necessity of an 

accessible, reliable modeling tool is further emphasized when viewed through the lens of an 

ecological restoration practitioner, as the probability of implementation of the tool in monitoring 

and management practice is expected to relate directly to accessibility, efficiency, and the ability 

to produce biologically intuitive outcomes relevant to seedling microclimate.  

The Chapter 5 study aimed to identify mechanistic links between wind speed and plant 

physiology for a critical restoration target species. The choice of study species (Banksia attenuata 

seedlings) represents the first literature gap for this chapter. While the species, and more 

broadly, the genus, have been studied at length (from fire ecology to ecophysiology to seed 

biology; Fitzpatrick et al., 2008, Ritchie et al., 2021), only a few works in the literature directly 

evaluated the impact of wind on this species (McFarland, 1985, Barrick, 2003, Krauss et al., 2009). 
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1.6 Leveraging an Interdisciplinary Approach 

Finally, this dissertation aims to leverage an interdisciplinary framework to bring novel 

perspectives to restoration ecology. This was accomplished through the formation of an 

interdisciplinary committee (with team members from restoration ecology, plant physiology, 

engineering, and canopy turbulence backgrounds, including a balance of industry and academic 

experience), through the exploration and use of literature from across several distinct disciplines, 

and through a concentrated effort to formulate research objectives informed by the unique 

perspectives of each discipline, with an investigative approach which prioritized interdisciplinary 

thinking in experimentation and analysis.  

Exploration of the literature pool for restoration ecology reveals limited answers about the 

mechanistic role of wind, with the topic primarily mentioned in the context of wind-driven soil 

erosion (Zhang et al., 2018, Du et al., 2022), wind dispersed seeds (Miller et al., 2017, Ititiaty et 

al., 2020), or in passing when discussing other abiotic factors (i.e., drought, temperature, salinity) 

(Miller et al., 2017). Further, the discussion of wind is largely absent from industry’s leading 

guidelines for the practice of ecological restoration and has not been clearly placed within the 5-

Star and Recovery Wheel frameworks (McDonald et al., 2016b, Gann et al., 2019) recommended 

for the evaluation of ecosystem attributes and site recovery. 

Outside of the context of ecological restoration, the dynamics of turbulent flow through 

vegetated canopies (Finnigan, 2000, Brunet, 2020) and the impacts of wind on plant morphology 

and physiology (de Langre, 2008, Gardiner et al., 2016) have been studied extensively. Yet these 
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literature pools (restoration ecology, turbulent canopy flow, and the impact of wind on plants) 

remain isolated. In an exploratory bibliometric investigation using CiteSpace (Chen, 2004, Chen, 

2006, Chen, 2017), cascading citation expansion (Chen & Song, 2019), document co-citation 

analysis (Chen et al., 2010), and structural variation analysis (Chen, 2012), prominent clusters 

developed with minimal linking, particularly between ‘turbulent canopy flow’ and ‘restoration 

ecology’ clusters, indicating that there is limited conversation between these disciplines. 

Continuing work to formalize the structural variation analysis in CiteSpace is expected to map 

these disciplines more fully, identifying critical clusters, gaps, and bridging points, while working 

to define emerging research fronts. 

Reaching across disciplines in this way is likely to encourage innovation in both science and 

practice. For instance, a challenge currently facing post-mine restoration programs in southwest 

Australian Banksia Woodland communities is an unexplained high seedling mortality rate during 

the summer of the second year (Benigno et al., 2014). Restoration ecologists are currently 

exploring factors such as soil compaction to explain the phenomenon (Benigno, 2012, Benigno et 

al., 2013, Benigno et al., 2014), yet the question remains unanswered, and the seedling mortality 

persists. Viewed through the perspective of restoration ecology alone (and not yet considering 

wind impacts), current guidelines and frameworks would focus on the divergence of ecosystem 

attributes from the reference conditions (i.e., moisture regimes, seed provenance, invasive 

species, soil properties, contamination; Gann et al., 2019).  



37 

 

And yet - what if the answer, the mechanistic driver of the seedling mortality, is found in another 

piece of the puzzle that we have yet to consider? By shifting away from the isolation of the 

restoration ecology discipline alone, to instead embrace an interdisciplinary body of knowledge, 

this question can be seen in a different light. Drawing on the well-established ‘turbulent canopy 

flow’ discipline we can develop predictive models for wind (Finnigan, 2000, Harman & Finnigan, 

2007, Brunet, 2020), and build hypotheses around whether ‘detrimental’ wind conditions are 

likely to exist onsite. Similarly, drawing from the literature pool investigating the ‘impact of wind 

on plants,’ hypotheses can be formed around detrimental impacts of wind loading (Gosselin, 

2019), shifts in plant morphology (Vogel, 1989, 2009), and changes to leaf boundary layer 

dynamics (Kuo et al., 2011). This broader hypothesis pool incorporates knowledge not only from 

the ‘restoration ecology’ discipline, but also from ‘turbulent canopy flow’ and the ‘impact of wind 

on plants’ literature. When viewing the problem from the perspective of a different discipline, 

there are more pieces of the puzzle in view, allowing for connections and insights to develop that 

could not be formed when the disciplines were isolated. There is a need to actively integrate 

what is known about wind into the larger body of restoration ecology literature and standardize 

the practice of incorporating a mechanistic understanding of wind dynamics and mitigation 

solutions into conceptual frameworks and guidelines for ecological restoration. 
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1.7 Thesis Structure & Aims 

The goal of this doctoral work was to begin the process of integrating ecosystem aerodynamics 

into the research and practice of ecological restoration. Each of the three data chapters set out 

to understand the impact of wind in different contexts:  

Chapter 2 is structured as a general methodology chapter, outlining the experimental design and 

methods which overlap across the Chapter 3 and Chapter 4 near-ground wind profile 

experiments.  

Chapter 3 aimed to characterize canopy flow across several mature-growth, native, undisturbed 

Australian vegetation communities, with a focus on developing descriptive models to evaluate 

near-ground wind speeds and establish reference targets to guide an understanding of 

vegetation-wind interactions.  

Chapter 4 characterized canopy flow across a 20-year post-mine Banksia Woodland restoration 

chronosequence, with a focus on comparing undisturbed and post-disturbance sites and 

evaluating the changing near-ground wind speed profiles across the restoration timeline. 

Chapter 5 investigated the impact of wind speed on the growth and physiology of Banksia 

attenuata seedlings during the first ten months following seeding.  

The final chapter, Chapter 6, integrates the experimental chapters, highlighting key results, and 

drawing connections between chapters for larger discussion through a critical questions and 

future directions framework.
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2 GENERALIZED METHODS FOR CANOPY FLOW CHAPTERS 

The work presented in Chapter 3 and Chapter 4 utilized a similar experimental design and 

methodology, presented here as a generalized methods chapter. The primary aim of the canopy 

flow study was to monitor empirical near-ground wind speeds, across a series of native, 

undisturbed Australian vegetation communities (Chapter 3), as well as on a post-mine Banksia 

Woodland restoration chronosequence (Chapter 4). Methodology common to both chapters is 

presented here, while components of the methods unique to the individual experiment are 

presented in the methods sections in the corresponding data chapters.  

 

2.1 Experimental Design and Overview of Field Site Selection 

For both Chapters 3 and 4, different levels of an overarching factor were identified, either 

different vegetation communities (Chapter 3) or different ages of restoration (Chapter 4). The 

experimental design, and nested replicate structure for the canopy flow work is described below 

and depicted visually in Figure 2.1. For Chapter 3 (Figure 2.1.a), the investigation included 

comparison of six unique vegetation communities, each of which included four geospatially 

distinct macrosites. For Chapter 4 (Figure 2.1.b), the investigation included comparison of five 

unique timepoints along a chronosequence of restoration. Due to the spatial limitations of the 

chronosequence, only one macrosite could be established for each restoration timepoint. 

Methodology remained consistent at the site scale across the Chapter 3 and Chapter 4 studies, 

with ten distinct monitoring points established within each macro-site. Monitoring points were 

established by blind hoop toss, progressing counter-clockwise across the macro-site (Figure 



50 

 

2.1.c), with monitoring points spaced approximately twenty meters apart, and set back from 

margins or disturbance features (i.e., road edges). Each measurement point was visited three 

times, approximately every two months, between September 2014 and March 2015, at which 

time a 5-minute continuous observation was taken at each monitoring point. This resulted in a 

total of 120 unique 5-minute observations at each measurement height for each community for 

the Chapter 3 study, and a total of thirty unique 5-minute observations at each measurement 

height for each restoration timepoint in the Chapter 4 study. In cases where an established site 

was lost to wildfire, a replacement site was established nearby, and a full replacement dataset 

collected, allowing the original site to be removed from the study.  
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Figure 2.1: Experimental design and replication structure for the native, mature, undisturbed sites monitored in Chapter 3, and reference sites for Chapter 4 (a), 
where six distinct Australian vegetation communities were compared, each of which included four geospatially distinct macro-sites, with each macro-site in turn 
included ten within-site replicate measurement points. In the Chapter 4 study (b) spatial limitations within the HANSON post-mine restoration chronosequence 
limited the design to a single macro-site for each of five restoration timepoints (0-Years, 2-Years, 6-Years, 10-Years, & 20-Years), again with each macro-site 
including ten within-site replicate measurement points. All measurement points (across both the Chapter 3 and Chapter 4 studies) were visited three times 
between September 2014 and March 2015, providing additional within-study replication while accounting for day-to-day and seasonal variation in wind patterns. 
Placement of within-study replicate measurement points (c) were established by blind hoop toss, progressing in a circular pattern through the macro-site, as 
shown with a representative macro-site satellite image, with measurement points marked by red flag-points. 



52 

 

2.2 Wind Speed Monitoring 

For this study, PASPort PS-2174 Weather/Anemometer Sensors (PASCO, Roseville CA), 

handheld anemometers with propellers, were secured to a telescoping pole at four set 

heights, z = 0.1 m, 1.0 m, 1.5 m, and 3.0 m. Measurement heights were concentrated in the 

near-ground region (z < 3 m) to provide added insight on local wind regimes within the most 

biologically relevant microclimate for seedling growth and establishment. The anemometers 

recorded wind speed at all heights simultaneously for five minutes with a sampling frequency 

of 5 Hz. Anemometer propellers were oriented perpendicular to the wind to maintain 

measurement of streamwise velocity, u, minimizing error due to the directional sensitivity of 

the device. The anemometers were calibrated in a large-scale wind tunnel (Structures 

Engineering Lab, University of Western Australia, Perth, Western Australia) against known 

wind velocities ranging from 0.3 to 10 m s-1. The relatively high inertia of propeller 

anemometers (Whelpdale, 1967, Barthelmie et al., 2016, Ligeza, 2018) limits their ability to 

measure low wind speeds and high-frequency velocity fluctuations. However, as this study 

was concerned with evaluating relative differences between mean wind profiles across 

differing vegetation communities, and these errors are consistent across all ecological 

communities, the propeller anemometer offered a durable, inexpensive solution to 

measuring mean flow (Hristov et al., 2000, Pindado et al., 2011, Ligeza, 2018) and turbulence 

statistics (Hicks, 1972, Wyngaard, 1981, Green et al., 1995) in the atmospheric boundary 

layer.  
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2.3 Canopy Flow Data Analysis 

A double-averaging method (Nepf, 2012) was used, where the temporally averaged (overbar) 

wind speed was calculated for each five-minute time series, and then spatially averaged 

(angular brackets) across all measurement points, resulting in a mean streamwise wind speed, 

⟨u̅⟩, at each measurement height, z, in each community. The data were analysed using R 3.5.2 

software (R Core Team, 2017). 

One issue influencing the data analysis was the degree of censoring which occurred due to 

the mechanical limits of the anemometer. “Left-censored” data, or data below the limit of 

detection (LOD) for which a true value is unknown (Canales et al., 2018), occurs often in 

microbiology, astronomy, and occupational health, and has been the subject of several data 

handling papers (Min & Agresti, 2002, Zhang et al., 2009, Helsel, 2010, Canales et al., 2018, 

Liu et al., 2019). For this study, during data collection, any true wind speed below the LOD 

(0.3 m s-1) was recorded by the sensors as a nondetect (i.e., 0 m s-1). The percentage of 

measurements below the sensor detection limit was calculated for each measurement height 

(z = 0.1 m, 1.0 m, 1.5 m, 3.0 m), and the severity of censorship identified following ranges set 

by the U.S. Army Public Health Command (U.S. Army Public Health Command, 2015, Canales 

et al., 2018). Although several reviews (Min & Agresti, 2002, Zhang et al., 2009, Canales et al., 

2018, Liu et al., 2019) describe advanced methods for working with zero-inflated and left-

censored data sets, we chose a more simplistic substitution method paired with a sensitivity 

analysis. To conduct the sensitivity analysis, three alternate datasets were generated: the first 

approach where measurements flagged as nondetects were substituted with a value, c, equal 

to the minimum possible wind speed value (c = 0 m s-1), a second approach where nondetects 
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were substituted with a value, c, equal to the maximum possible true wind speed, the LOD (c 

= 0.3 m s-1), and a third approach, with all left-censored measurements (< 0.3 m s-1) removed 

from the analysis. While there is concern (Zhang et al., 2009, Helsel, 2010, Canales et al., 2018) 

around introducing uncertainty through a substitution method, the strictly comparative 

scope of this study allows such concerns to be mitigated. Indeed, a sensitivity analysis 

indicated that the general conclusions from the data were insensitive to the treatment 

method, as observed differences between communities are statistically significant, 

independent of the choice of treatment for the nondetect values. 

The empirical mean wind speed values, �̅�, were normalized by a reference wind speed, �̅�𝑟, 

calculated from the one-minute mean wind speed, recorded at a height of 10 m by local 

Australian Bureau of Meteorology weather stations (Regional Office, West Perth, WA, 

Australia). The reference values were drawn from the nearest weather station for each 

vegetation community (Table 2.1), with each measurement time-matched to the on-site 

empirical data observations. The normalized mean wind speed was spatially averaged across 

all measurement points to provide a mean normalized wind speed, 〈�̅�/�̅�𝑟〉, at each 

measurement height in each community. This method is limited by the lack of spatial 

resolution in the reference wind speeds, with the nearest weather station at times several 

hundred kilometres away. As such, there is some uncertainty regarding how representative 

the weather station wind speeds may be as a reference wind speed representing the speed 

in the inertial sublayer directly above empirical measurements. Maps of the average monthly 

wind velocity across Australia (Bureau of Meteorology, 2011) confirm that there are potential 

discrepancies between wind speeds at the weather station locations and at empirical 
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measurement points. We recommend that future work apply a spatially resolved dataset, 

such as the ERA5 dataset available as part of the Copernicus Climate Change Service (C3S) 

Climate Data Store (Hersbach et al., 2018), or incorporate an empirical above-canopy wind 

speed measurement to minimize the impact of spatial variability in reference wind speeds on 

the outcome of normalized wind speed profiles. 

 

Turbulence statistics were analyzed for periods when wind was detectable (all nondetects 

removed from the dataset). Turbulence intensity, 𝑖𝑢, was evaluated at all heights as the 

standard deviation of each time series, 𝜎𝑢, divided by the time-averaged mean wind speed of 

each time series, �̅�, (Nepf, 2008), then spatially averaged into a single value for each 

community, 〈𝑖𝑢〉 at each measurement height: 

 〈𝑖𝑢〉 =  〈
𝜎𝑢

𝑢
〉 (2.1) 

Table 2.1: Australian Bureau of Meteorology weather stations used to obtain reference wind 
speeds to normalize empirical measurements for each vegetation community.  

Major Vegetation 
Subgroup (MVS) 

Nearest 
Weather Station ID 

Location (GPS 
Coordinates) 

Median 
Distance to Sites 

Clay Plains 
Saltbush Shrublands 

012009 – Norseman Aero -32.21° S, 121.75° E 290 km 

Sandplain Hummock 
Grasslands 

007176 – Newman Aero -23.42° S, 119.80° E 75 km 

Stony Mulga Woodlands 
& Shrublands 

007045 – Meekatharra Airport -26.61° S, 118.54° E 299 km 

Western Temperate 
Shrubby Woodlands 

012038 – Kalgoorlie-Boulder Airport -30.78° S, 121.45° E 163 km 

Banksia 
Woodlands 

009053 – Pearce RAAF -31.67° S, 116.02° E 22 km 

Western Wet 
Sclerophyll Forest 

009573 – Manjimup -34.25° S, 116.14° E 49 km 
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3 COMPARATIVE ANALYSIS OF NEAR-GROUND CANOPY FLOW PROFILES ACROSS 
COMPLEX VEGETATION STRUCTURES IN THE AIM OF DEFINING WIND AS AN ECOLOGICAL 
NICHE FACTOR  

3.1 INTRODUCTION 

3.1.1 Wind as an Ecological Factor       

Canopy flow aerodynamics play a key role in a plant’s ecological system, affecting the 

partitioning of energy fluxes and scalar fluxes such as heat, water vapor, and CO2 (Zeng & 

Takahashi, 2000), and impacting microclimates, including ambient temperature and humidity 

(Pereira & Shaw, 1980, Bohm et al., 2013). Chronic high winds can damage vegetation through 

wind erosion, abrasion, lodging, and windthrow (Damschen et al., 2014), and consequentially 

can apply heavy selection pressures to species, triggering phenotypic plasticity, acclimation, 

and adaptation for survival (Ennos, 1997). Even at low intensities, persistent wind can 

significantly impact plant physiology (Ennos, 1997, de Langre, 2008, Gardiner et al., 2016, 

Maher et al., 2019), influence plant growth and vigour (Pereira & Shaw, 1980, Read & Stokes, 

2006, Bohm et al., 2013), and contribute to seed and pathogen distribution (Katul et al., 2005, 

Ord, 2007, Nathan et al., 2011). Given the interaction of wind with such a wide range of 

physiological and ecological components, developing a thorough understanding of a site’s 

canopy aerodynamics, particularly within the near-ground region, is likely an important 

component to developing best-practice management across diverse vegetation types and 

ecosystems. 
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3.1.2 Established Canopy Flow Dynamics  

Canopy flow dynamics, discussed more extensively in Chapter 1, are well established for flow 

in open landscapes (Wilson, 1989, Kaimal & Finnigan, 1994, Nathan et al., 2011) and flow 

through uniform, simple canopies (Figure 3.1.a) (Kaimal & Finnigan, 1994, Finnigan, 2000, 

Brunet, 2020,). In the absence of vegetation, mean wind speed patterns follow boundary-

layer dynamics modelled by a logarithmic profile (Eq 1.2) (Kaimal & Finnigan, 1994, Nepf & 

Ghisalberti, 2008). With the addition of vegetation, flow patterns are modelled more 

appropriately by mixing layer dynamics, driven by the actions of large coherent structures 

operating near the canopy top (Finnigan, 2000, Brunet, 2020).  

 

3.1.3 Canopy Flow in Heterogeneous, Sparse, and Open Canopies 

While canopy flow models for homogeneous systems are well established, and often collapse 

into a single universal curve (Raupach et al., 1996, Brunet, 2020), the assumptions allowing 

for this universality exclude many real-world situations, such as heterogeneous, open, or 

sparse communities. Empirical datasets for such systems are limited. However, many key 

regions for conservation and ecological management globally are defined by architecturally 

complex vegetation types, underscoring the need to develop modelling capacity that can 

accurately predict wind regimes through these unique and important communities. 
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Figure 3.1: Within-canopy flow in homogeneous, closed systems (a) typically exhibit vertical wind speed profiles 
that follow an exponential model within the canopy sublayer, paired with a modified log-law profile within the 
roughness sublayer, such as the profile defined by Harman & Finnigan (2007) (b; dashed line), while flow in the 
absence of vegetation follows the traditional log-law profile (b; solid line). Complex, heterogeneous canopies (c) 
are harder to accurately capture in a single unified model. Many communities targeted for conservation and 
restoration in Australia fall into this complex and heterogeneous classification and represent a wide gradient of 
canopy architectures (d). Wind profiles for these systems are expected to fall within an envelope (b; red shaded 
area) between the logarithmic open landscape profile (Eq 1.2; b, solid line) and established profiles for dense, 
closed canopies (Harman & Finnigan, 2007 model; b, dashed line), with profiles hypothesized to decrease in 
magnitude with increasing structural complexity within the canopy (b, red arrow). 
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Australian vegetation systems have particularly biodiverse and structurally complex canopies 

(COAG Standing Council on Environment & Water, 2012). Many Australian systems are 

characterized by dense understory vegetation, and are often highly spatially heterogeneous 

and open, with natural gaps and variations in sub-canopy stratigraphy throughout (Figure 

3.1.c). The canopy architecture and structural complexity (a factor combining canopy density, 

heterogeneity of structure, and diversity of both plant species and structural forms (Bartha 

et al., 2004)) of Australian vegetation often diverges from that of the homogenous, closed 

temperate forests used to develop many of the established canopy flow models, and instead 

exhibits a spectrum of canopy structures (Figure 3.1.d). While the complexity of 

heterogeneous systems may drive velocity profiles to diverge from a universal curve, it is 

logical to expect that the magnitude of mean wind speed scales with canopy density and 

structural complexity, and that potential sub-canopy wind profiles could correspondingly be 

expected to progress between the logarithmic profile expected for wind in the absence of 

vegetation (Eq 1.2; Figure 3.1.b, solid line), and established models for dense, closed canopies 

(Harman & Finnigan, 2007; Figure 3.1.b, dashed line). To depict canopy flow accurately 

through these unique systems, it is essential to develop a canopy flow model that can 

encompass a wide range of architectural types. Although there is a trend to develop 

increasingly complex mathematical models for canopy flow (Finnigan, 2000, Zeng & Takashi, 

2000, Brunet, 2020), their translation to biological processes can often be indirect and non-

intuitive. Comparative studies focusing on fine-scale monitoring within the near-ground 

region (z < 3 m) hold potential to enhance understanding of microclimates immediately 

relevant to seedling emergence and physiology.  
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The Chapter 3 study aimed to characterize canopy flow across several mature-growth, native, 

undisturbed Australian vegetation communities, with a focus on developing descriptive 

models to evaluate near-ground wind speeds and establish reference targets to guide an 

understanding of vegetation-wind interactions. We hypothesized that vegetation 

communities selected across a wide range of structural types would exhibit a range of distinct 

wind profiles, with increased structural complexity resulting in decreased near-ground wind 

speed. To test this hypothesis, near-ground wind speeds were monitored in six mature, 

native, undisturbed vegetation communities ranging in structure from the low, open 

shrublands of the Nullabor plain, to the tall, dense, closed Karri forests of southwest Australia.  

 

3.2 METHODS  

The study monitored near-ground wind speeds using an array of propeller anemometers 

across a series of vegetation communities. Methodology that is common to both Chapter 3 

and Chapter 4 are detailed in Chapter 2, while aspects specific to Chapter 3 have been 

expanded below.  

 

3.2.1 Vegetation Community Descriptions 

Six focal vegetation communities (Table 3.1) from across Western Australia (Figure 3.2.a) 

were identified according to the Main Vegetation Subgroups described by the National 

Vegetation Information System (Department of the Environment & Water Resources, 2007, 

Keith & Pellow, 2015, Department of the Environment & Energy, 2017a-f). The communities 
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were selected to span architectural types ranging from short-stature, densely compact shrubs 

with similar aesthetics to an open landscape, through a range of open and heterogeneous 

canopies, to tall, dense, homogenous forests, with the diversity in canopy structure expected 

to generate a wide range of distinctly identifiable wind profiles.  

The Clay Plains Saltbush Shrublands feature dense, low-growth shrubs, often dominated by 

drought- and salt-tolerant species (Department of the Environment & Water Resources, 2007, 

Department of the Environment & Energy, 2017f). Sites for this study were situated on the 

Nullarbor Plain between Balladonia and Cockelbiddy, Western Australia (Figure 3.2.b.i). The 

sites were dominated by a mixture of chenopods, such as Atriplex spp., Maireana aphylla 

R.Br., and Nitraria billardierei DC. Sandplain Hummock Grassland sites were established in the 

Northern Pilbara between Tom Price and Newman, Western Australia (Figure 3.2.b.ii), 

characterized by dominant Triodia spp. Hummocks with scattered Eucalypt spp. And Acacia 

spp. Trees, between which the soil was mostly bare (Department of the Environment & Water 

Resources, 2007, Department of the Environment & Energy, 2017e). Stony Mulga Woodland 

and Shrubland sites near Overlander Roadhouse and Meekatharra, Western Australia (Figure 

3.2.b.iii), were characterised by short-stature and widely spaced, sparse Acacia and grass 

understory with large sections of bare ground (Department of the Environment & Water 

Resources, 2007, Department of the Environment & Energy, 2017d). The Western Temperate 

Shrubby Woodlands field sites were established in the Great Western Woodlands between 

Kalgoorlie and Balladonia, Western Australia (Figure 3.2.b.iv). They were dominated by 

Eucalyptus salmonophloia F. Muell., with a mid-canopy of Santalum acuminatum R.Br. and 
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Table 3.1: Vegetation communities evaluated according to Major Vegetation Group (MVG) and Major Vegetation Subgroup (MVS) based on the 
descriptions provided by the National Vegetation Information System (Department of the Environment & Water Resources, 2007). 

Major Vegetation Group (MVG) 
Major Vegetation Subgroup (MVS) Location 

GPS Coordinates 
(Latitude, Longitude) 

Key Resources 
Within Distribution Dominant Vegetation 

Typical 
Canopy Height 

Chenopod Shrublands (MVG 22) 
Clay Plains Saltbush Shrublands 

Balladonia – 
Cockelbiddy, WA 

-32.04° S, 126.09° E 
-32.07° S, 125.88° E 
-32.25° S, 125.52° E 
-32.28° S, 125.41° E 

steel alloy metal (Co, Mn, Ni) mining 
precious metal (gold) mining 

Maireana aphylla R.Br. 
Nitraria billardieri DC. 

0.5 m 

Hummock Grasslands (MVG 20) 
Sandplain Hummock Grasslands 

Tom Price – 
Newman, WA 

-22.73° S, 118.73° E 
-23.04° S, 118.85° E 
-23.11° S, 119.04° E 
-23.24° S, 119.52° E 

iron mining 
construction materials mining 

Triodia spp. 
Scattered Eucalypt or Acacia spp. 

1-1.5 m 

Acacia Shrublands (MVG 16) 
Stony Mulga Woodlands and Shrublands 

Overlander 
Roadhouse & 

Meekatharra, WA 

-26.43° S, 114.22° E 
-26.45° S, 114.16° E 
-25.30° S, 119.33° E 
-25.87° S, 119.04° E 

construction materials mining 
precious metals (gold) mining 

Acacia aneura F. Muell. 1-2 m 

Eucalypt Woodlands (MVG 5) 
Western Temperate Shrubby Woodlands 

Kalgoorlie – 
Balladonia, WA 

-30.83° S, 121.38° E 
-30.90° S, 121.23° E 
-32.45° S, 123.95° E 
-32.42° S, 124.24° E 

precious metals (gold) mining Eucalyptus salmonophloia F. Muell. 5-7 m 

Other Forests & Woodlands (MVG 10) 
Banksia Woodlands 

Joondalup – 
Gnangara, WA 

-31.68° S, 115.82° E 
-31.59° S, 115.81° E 
-31.57° S, 115.82° E 
-31.56° S, 115.82° E 

construction materials mining 
urban development 

Banksia spp. 
Xanthorrhoea preissii Endl. 

3-4 m 

Eucalypt Tall Open Forest (MVG 2) 
Western Wet Sclerophyll Forests 

Walpole – 
Pemberton, WA 

-34.98° S, 116.88° E 
-34.67° S, 116.51° E 
-34.62° S, 116.14° E 
-34.53° S, 116.17° E 

construction materials mining 
forestry 

Eucalyptus diversicolor F. Muell. 
Lepidosperma effusum Benth. 

> 50 m 
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Figure 3.2: Experimental design and replicate structure for Native Wind Regime study. A) Geographic distribution map for each vegetation community throughout Western 
Australia, adapted from the National Vegetation Information System Fact Sheets (Department of the Environment and Energy, 2017a-f). Markers in panel (a) indicate the 
general field site locations for each of the six focus communities, with multiple markers per colour indicating where sites were spread across a broader geographic area. The 
map (a) also indicates the extent of the Major Vegetation Group for each community, including Clay Plains Saltbush Shrublands (dark blue), Sandplain Hummock Grasslands 
(yellow), Stony Mulga Woodlands and Shrublands (red), Western Temperate Shrubby Woodlands (light blue), Banksia Woodlands (dark green), and Western Wet Sclerophyll 
Forests (light green). B) Maps of four geospatially distinct macro-sites, schematic of canopy architecture, and representative photo of vegetation structure for each vegetation 
community from Clay Plains Saltbush Shrublands (i), Sandplain Hummock Grasslands (ii), Stony Mulga Woodlands and Shrublands (iii), Western Temperate Shrubby Woodlands 
(iv), Banksia Woodlands (v), and Western Wet Sclerophyll Forests (vi). 
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Rhagodia preissii Moq., and sparse grass and forb ground cover (Department of the Environment 

& Water Resources, 2007, Department of the Environment & Energy, 2017b). Sites for the 

Banksia Woodlands community were located near Gnangara, Western Australia (Figure 3.2.b.v), 

and featured Banksia menziesii R.Br. and Banksia attenuata R.Br. canopy, with a dense, complex 

Calytrix spp., Hibbertia spp., and Xanthorrhoea spp. Mid- and understory (Department of the 

Environment & Water Resources, 2007, Department of the Environment & Energy, 2017c). 

Finally, sites for the Western Wet Sclerophyll Forest community were located between Walpole 

and Pemberton in the south-west of Western Australia (Figure 3.2.b.vi), characterized by their 

extreme canopy height (often over 30 m tall and able to reach heights of 100 m), dominated by 

Eucalyptus diversicolor F. Muell., paired with a well-developed understory of Lepidosperma 

effusum Benth., ferns and broad-leaf shrubbery (Department of the Environment & Water 

Resources, 2007, Department of the Environment & Energy, 2017a).  

 

3.2.2 Defining Structural Complexity and the Model Framework 

The six communities (Figure 3.3) displayed a broad diversity of canopy architectural types. Due 

to the diversity in canopy height across the study, our fixed measurement points corresponded 

to differing ranges of relative heights within each community (Figure 3.3, grey bars). Nonetheless, 

this fixed-point methodology allowed for the most direct comparison of near-ground wind 

profiles across a highly diverse set of vegetation communities. We selected communities across 

a wide spectrum of structural complexities (a factor which incorporates canopy density, 
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heterogeneity of structure across the sub-canopy stratigraphy, and diversity of both plant species 

and structural forms (Bartha et al., 2004)). While structural complexity is challenging to define in 

a specific and quantifiable fashion, the term is useful for this study, as it encompasses several key 

components of canopy architecture. Bartha et al. (2004) provide the most detailed definition in 

current literature, focusing on density, spatial heterogeneity, and diversity. From a canopy flow 

perspective, the dominant factor driving flow attenuation is canopy density, the frontal area of 

the canopy projected into the flow per unit canopy volume (Nepf & Ghisalberti, 2008). The 

addition of vegetation roughness elements within the canopy (added mid- and understory 

layers), influences flow attenuation directly by increasing frontal area and canopy density, and 

subsequentially, increases the drag applied to the flow. Sub-canopy stratigraphy, spatial 

heterogeneity, and diversity of plant species and structural forms may provide insight to vortex 

shedding patterns within the canopy, while underscoring the challenge of generating a single 

universal model fitting flow through highly heterogeneous systems. Selecting a set of 

communities ranging in structural complexity and architectural types was expected to produce a 

wide variety of sub-canopy wind profiles typical of Australian systems. 
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Figure 3.3: Wind profiles of six distinct Australian vegetation communities were monitored at four fixed near-ground 
heights (grey bars). Vegetation communities were selected to represent a spectrum of canopy architectural types (a), 
from the low, open structure of the Clay Plains Saltbush Shrublands (dark blue) and Sandplain Hummock Grasslands 
(yellow), through the intermediate and highly complex vegetation of Stony Mulga Woodlands & Shrublands (red), 
Western Temperate Shrubby Woodlands (light blue), and Banksia Woodlands (dark green), to the tall, dense, closed 
forest of the Western Wet Sclerophyll Forests (light green). 
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Six native Australian vegetation communities were arranged along a spectrum of structural 

complexity (Figure 3.3), ranging from the low-lying, open Clay Plains Saltbush Shrublands, to the 

tall, dense, homogeneous Western Wet Sclerophyll Forests. Clay Plains Saltbush Shrublands 

(Figure 3.3, dark blue) exhibited the lowest canopy height (h = 0.5 m), and a single sub-canopy 

stratigraphic layer of homogeneous shrubs, and minimal horizontal variability as vegetation 

elements were all similar in shape and size, evenly spaced, and densely packed across the study 

space. Therefore, the Clay Plains Saltbush Shrublands were defined as the community with the 

lowest structural complexity for this study, most similar to an open or non-vegetated landscape. 

Next, the Sandplain Hummock Grasslands (Figure 3.3, yellow), featured a single primary layer of 

Triodia hummocks, a slightly taller canopy height (h = 1 m) relative to the last community, with 

occasional emergent trees. Across a spatial scale, the Triodia hummocks varied in height and 

diameter, and were intermixed with bare ground, and smaller herbaceous vegetation, generating 

a more spatially variable community structure, but one that remained fairly open and low to the 

ground. Third, the Stony Mulga Woodlands and Shrublands (Figure 3.3, red), exhibited a canopy 

height, h, of 2 m, with widely spaced shrubs over bare ground, and minimal sub-canopy 

stratigraphy. This community exhibited the most distinct split between ‘bare open ground’ and 

‘vegetation element’ sub-regions, producing a greater degree of spatial heterogeneity. While the 

increased canopy height of the Stony Mulga Woodlands and Shrublands place it higher on this 

study’s structural complexity scale than the Clay Plains Saltbush Shrublands or Sandplain 

Hummock Grasslands, the sparse and open distribution of vegetation elements place the 

community at a lower structural complexity than the remaining communities. Moving into the 

woodland and forest systems, the Western Temperate Shrubby Woodlands (Figure 3.3, light 
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blue), represented a significant increase in canopy height (h = 7 m) and canopy density, with a 

Eucalypt overstory, and spatially heterogeneous understory of large shrubs, with frequent gaps 

and clearings, and wider spacing between vegetation elements. In addition to a high level of 

spatial heterogeneity and a significantly taller canopy, the Western Temperate Shrubby 

Woodlands featured the first closed crown layer along the spectrum, and the first major 

appearance of distinct mid- and understory stratigraphy. While the Banksia Woodlands studied 

here exhibited a lower canopy height (h = 4 m) than the previous Western Temperate Shrubby 

Woodlands community, vegetation within the Banksia woodlands (Figure 3.3, dark green) was 

far more densely spaced, with numerous sub-canopy mid- and understory layers which increased 

stratigraphy and canopy density, and as a result, this study placed Banksia Woodlands higher on 

the spectrum of structural complexity. Although open gaps and clearings were not as common in 

Banksia Woodlands as in the Western Temperate Shrubby Woodlands, there was substantial 

variation in canopy density spatially, and a mix of species with distinct structural and architectural 

types which varied across the spatial area, resulting in a high structural complexity rating for the 

community. The Western Wet Sclerophyll Forests (Figure 3.3, light green) marked the other limit 

of the structural complexity spectrum, where an extreme canopy height (h = 50 m), and high 

canopy density was driven by closely spaced homogeneous Eucalypts overstorey and thick mid- 

and understory, expected to result in near-complete-attenuation of flow. Gaps and clearings for 

within the system were rare, and canopy structure remained homogeneous spatially. Yet, while 

spatial heterogeneity was low, canopy height, and canopy density were exceedingly high, 

resulting in the Western Wet Sclerophyll Forests being identified as the highest structural 

complexity community in the study.  
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3.2.3 Data Analysis 

The data were analyzed using R 3.5.2 software (R Core Team, 2017) and presented as the mean 

± standard error across all five-minute runs. A between-subjects ANOVA was conducted to 

compare the main effects of measurement height and vegetation community.  

As discussed in Chapter 2, left-censored data occurred due to mechanical limits of the 

anemometer (Min & Agresti, 2002, Zhang et al., 2009, Helsel, 2010, Canales et al., 2018, Liu et 

al., 2019). For each measurement height (z = 0.1 m, 1.0 m, 1.5 m, 3.0m) within each community, 

the percentage of measurements below the sensor detection limit was calculated (Table 3.2), 

with a range of censorship (as indicated by the asterisk notation in Table 3.2) across the study. 

 

 

 

 

 

 

As described in greater detail in Chapter 2, the empirical mean wind speeds were normalized by 

a reference wind speed, �̅�𝑟, calculated from wind speed measurements taken at local Australian 

Bureau of Meteorology weather stations (Table 2.1) (Regional Office, West Perth, WA, Australia).  

TABLE 3.2: Percentage of observations below the sensor detection limit for 
streamwise wind speed measurements at each measurement height, z, across 
each vegetation community. Degree of measurement censorship is categorised as 
*low (10%), **medium (35%), ***high (65%), ****severe (90%) following ranges 
defined by the U.S. Army Public Health Command, (2015), Canales et al., (2018) 
Major Vegetation Subgroup z = 0.1 m z = 1.0 m z = 1.5 m z = 3.0 m 

Clay Plains Saltbush Shrublands 25 %* 2 % 1 % 2 % 
Sandplains Hummock Grasslands 49 %** 10 %* 7 % 5 % 
Stony Mulga Woodlands & Shrublands 14 %* 7 % 4 % 2 % 
Western Temperate Shrubby Woodlands 61 %** 21 %* 18 %* 10 %* 
Banksia Woodlands 97 %**** 25 %* 19 %* 17 %* 
Western Wet Sclerophyll Forests 98 %**** 87 %*** 81 %*** 79 %*** 
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3.3 RESULTS  

3.3.1 Near-Ground Mean Wind Speed 

Mean streamwise wind speed varied significantly with height across all vegetation communities 

F3,72 = 114, MSE = 0.129, p << 0.001. The shapes of the vertical wind profiles (Figure 3.4.a) 

depended distinctly on canopy architecture, with significant differences in mean streamwise 

wind speed detected between vegetation communities F5,72 = 163, MSE = 0.129, p << 0.001. 

Further, a significant two-way interaction was detected between community type and 

measurement height, F15,72 = 9.44, MSE = 0.129, p << 0.001, suggesting that wind profiles change 

differently with height in different vegetation communities.  

Near-ground mean wind speed profiles presented a clear progression from the high speed, 

logarithmic profile of the low, open vegetation canopies, to the exceptionally low speed, 

vertically constant profile of the dense, closed forest systems. The two low-lying open canopy 

structures of the Clay Plains Saltbush Shrublands and Sandplain Hummock Grasslands 

communities presented logarithmic vertical wind profiles similar to Eq 1.2, where d = 0 m, for 

wind in open landscapes (Figure 3.4.a). Clay Plains Saltbush Shrublands exhibited the highest 

near-ground mean wind speeds across the study (between 1.05 ± 0.05 m s-1 and 4.6 ± 0.2 m s-1), 

while Sandplains Hummock Grasslands followed a similar logarithmic profile at a lower 

magnitude (between 0.86 ± 0.04 m s-1 and 3.2 ± 0.1 m s-1). The Stony Mulga Woodlands and 

Shrublands profile fell between the previous two (ranging from 1.9 ± 0.1 m s-1 to 3.6 ± 0.1 m s-1), 

presenting the greatest wind speed across the study at the ground level (z = 0.1 m), remaining 

relatively constant across the crown layer, and increasing sharply above the canopy (Figure 3.4.a).
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Figure 3.4: Wind regimes for mature-growth, native, undisturbed Australian vegetation communities: a) streamwise 
mean wind speed, 〈�̅�〉, as a function of height, z, b) turbulent intensity,〈𝑖𝑢〉, as a function of height, z, where the grey 
band represents the 95% confidence interval; c) mean wind speed normalized against a reference wind speed, 〈�̅�/�̅�𝑟〉, 
as a function of height, z; and d) mean wind speed normalized against a reference wind speed, 〈�̅�/�̅�𝑟〉, as a function 
of normalized height, z/h. Vegetation communities are marked by colour: Clay Plains Saltbush Shrubland (dark blue), 
Sandplain Hummock Grassland (yellow), Stony Mulga Woodlands and Shrublands (red), Western Temperate Shrubby 
Woodlands (light blue), Banksia Woodlands (dark green), Western Wet Sclerophyll Forests (light green). The primary 
dataset, which excluded nondetect values, is represented across all panels by solid lines, circle markers, and standard 
error bars. Panel a) additionally shows the outcome of the sensitivity analysis, including nondetect substitution c = 0 
m s-1 (diamond markers), and nondetect substitution c = 0.3 m s-1 (triangle markers).  
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These three communities, Clay Plains Saltbush Shrublands, Sandplain Hummock Grasslands, and 

Stony Mulga Woodlands and Shrublands, formed a distinct grouping of vegetation canopies with 

higher mean wind speeds in the near-ground region. In contrast, the three more closed forest 

communities, Western Temperate Shrubby Woodlands, Banksia Woodlands, and Western Wet 

Sclerophyll Forests clustered together, exhibiting lower mean wind speeds in the near-ground 

region. The Western Temperate Shrubby Woodland and Banksia Woodland communities showed 

similar patterns of progressive attenuation of wind speed with increased depth into the canopy 

(Figure 3.4.a). The near-ground wind speed profile for Western Temperate Shrubby Woodlands 

presented a slightly higher magnitude (between 0.82 ± 0.03 m s-1 and 2.10 ± 0.09 m s-1) than its 

counterpart Banksia Woodlands (between 0.58 ± 0.05 m s-1 and 1.54 ± 0.06 m s-1). The Western 

Wet Sclerophyll Forest community presented a vertically constant profile through the near-

ground region (Figure 3.4.a), with the lowest mean wind speeds of the study (between 0.57 ± 

0.02 m s-1 and 0.7 ± 0.1 m s-1). When normalized by a reference wind speed (Figure 3.4.c,d), a 

progression of decreasing wind speed with increasing structural complexity within the canopy 

emerged, from the low-lying, open communities (Clay Plains Saltbush Shrublands, Sandplain 

Hummock Grasslands), through the more open and heterogeneous woodland and shrubland 

communities (Stony Mulga Woodlands and Shrublands, Western Temperate Shrubby 

Woodlands, Banksia Woodlands), to the dense, closed forest communities (Western Wet 

Sclerophyll Forests). 
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3.3.2 Near-Ground Turbulent Intensity 

Across the range of canopies, turbulent intensity values collapsed within a 95% confidence 

interval around the mean of 0.42, 95% CI [0.39, 0.46] (Figure 3.4.b). As a result, knowledge of the 

mean velocity at any height within a community should provide first-order information about the 

gustiness within that microclimate as well.  

 

3.4 DISCUSSION 

Wind plays an important role as an ecological factor, influencing microclimates (Pereira & Shaw, 

1980, Bohm et al., 2013) as well as plant physiology and growth (Ennos, 1997, de Langre, 2008, 

Gardiner et al., 2016). As such, developing a detailed understanding of canopy flow patterns is 

likely to aid conservation and restoration of critically threatened systems. This study investigated 

wind profiles across several Australian vegetation communities, with specific focus on 

characterizing biologically relevant near-ground wind speeds to establish reference targets for 

ecological management. The wind profiles followed a logical progression of decreasing mean 

wind speed with increasing canopy density and structural complexity of the vegetation roughness 

elements. The study provides the first empirical wind speed profiles for several key Australian 

communities, threatened by expanding resource development, and provides an initial step 

toward an ongoing research agenda developing predictive canopy flow models for these complex 

and heterogeneous systems.  
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3.4.1 Communities Reflecting Open Landscape Dynamics 

At one extreme, the low-lying, open communities of Clay Plains Saltbush Shrublands and 

Sandplains Hummock Grasslands mimicked the logarithmic model typical of smooth surface 

boundary layer flow (Figure 3.4) since the short stature of the vegetation (h < 1 m) minimized 

their influence on the wind profile above this height. Any taller vegetation elements, such as the 

C. ferriticola found in the Sandplain Hummock Grasslands architecture, occurred with such 

scarcity that flow patterns appeared to be minimally affected at the scale of our focal landscapes. 

This logarithmic pattern of attenuation seen in the empirical wind speed profiles (Figure 3.4.a) is 

logical from two communities featuring lower structural complexity and a largely open 

landscape. Although additional research is needed, incorporating increased spatial resolution (to 

capture horizontal heterogeneity) and additional monitoring points along the vertical gradient, it 

is logical to hypothesize that these two communities are located beyond Brunet’s (2020) 

threshold for the limit of mixing layer dynamics, or are positioned within the transition zone 

where open landscape boundary-layer dynamics shifts to the mixing layer dynamics of 

sufficiently dense vegetation canopies. Investigations targeted at identifying this critical 

threshold, and positioning vegetation communities relative to said threshold, will be essential to 

expanding the predictive modeling capabilities in sparse, open, and transitional vegetation 

canopies in the future.  
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3.4.2 Communities Reflecting Closed Forest Dynamics  

At the other extreme, the tall, dense, homogenous system of Western Wet Sclerophyll Forests 

provided the closest analogue to the temperate closed forest systems modelled in the literature 

(Raupach et al., 1996, Harman & Finnigan, 2007, Brunet, 2020) (Figure 3.1.b, solid line). The 

dramatic canopy height (h > 50 m) and tightly packed mid- and understory elements generated 

a significant degree of attenuation within the canopy (Figure 3.4), particularly at near-ground 

layers, consistent with expectations that dense vegetation higher in the canopy effectively 

isolates the near-ground layer from momentum penetration from above (Staebler & Fitzjarrald, 

2005). The high percentage of observations where wind speed was below the sensor detection 

limit (< 0.3 m s-1) is a further indication of how still wind patterns are within the sub-canopy of 

many of these closed forest communities (Table 3.2). The low magnitude, near constant wind 

speeds across the vertical gradient are consistent with patterns seen in other homogeneous, 

high-density canopies (Raupach et al., 1996, Brunet, 2020).  

 

3.4.3 Dynamics of Complex Intermediate Communities 

Our understanding of canopy flow models at either extreme is well established, yet canopy flow 

patterns in complex, heterogeneous, open, and sparse canopies are less understood (Staebler & 

Fitzjarrald, 2005, Brunet, 2020). The unique and highly variable canopy architecture of many 

Australian systems often fall into this more complex classification and, as a result, may produce 

wind profiles diverging from established models. Three communities in our study, Stony Mulga 
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Woodlands and Shrublands, Western Temperate Shrubby Woodlands, and Banksia Woodlands, 

exhibited this more heterogeneous, complex vegetation structure. Within these communities, 

we found the increase in structural complexity and canopy density corresponded to a progressive 

decrease in magnitude across the near-ground wind speed profiles.  

The Stony Mulga Woodlands and Shrublands community was one of the most open and sparse 

structurally, with large areas of bare soil between isolated shrubs; correspondingly, this 

community exhibited wind profiles with higher relative wind speeds (Figure 3.4), particularly at 

the ground surface (z = 0.1 m), as compared to the denser woodland and forest communities. It 

is certainly worth exploring the impact of spatial heterogeneity here more intently. There are two 

distinct sub-regions immediately identifiable with regards to the vegetation structure: the region 

near enough to a roughness element for flow to be influence by drag or wake effects, and the 

region between, outside of the influence of the roughness elements, where flat bare soil 

dominates. While this study established monitoring points that covered both spatial sub-regions, 

and found little variation between monitoring points, it seems logical to hypothesize that there 

would be a discernible difference, with bare, open soil regions following a logarithmic boundary-

layer dynamic, and regions near vegetation exhibiting reduced wind speed and vortex shedding. 

In order to continue unpacking canopy flow dynamics in these complex and spatially 

heterogeneous systems, a logical next step will be to incorporate detailed, quantitative canopy 

structure mapping with advanced, multi-point canopy flow modeling approaches. While 

historically, modelling canopy flow in complex and heterogeneous systems was significantly 
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limited by the labour-intensive, technically challenging nature of manual, ground-based canopy 

structure measurements (Boudreault et al., 2015) and subsequent tendency to oversimplify 

parameterization of canopy density (Boudreault et al., 2015); the recent, and rapidly expanding, 

development of aerial light detection scan (ALS) and terrestrial lasar scan (TLS) lidar technology 

has drastically improved the capture of complex 3D canopy structures (Akay et al., 2009, Calders 

et al., 2020, Wang & Fang, 2020). Paired with the advanced capabilities of large-eddy simulation 

(LES) and Empirical Orthogonal Function (EOF) analysis (Finnigan & Shaw, 2000, Finnigan et al., 

2009, Dupont et al., 2010), the more accurate characterization of canopy structure provided by 

LiDAR technology will enhance predictive modeling capacity of canopy flow in complex systems 

(Boudreault et al., 2015), and facilitate more detailed spatial mapping of wake elements and 

localized variation in seedling microclimates. Furthermore, as discussed in Brunet’s (2020) recent 

review, there are limits to the application of mixing layer dynamics to describe canopy flow 

patterns, which are defined by Brunet in relation to canopy density. At a low enough canopy 

density, mixing layer dynamics can no longer apply, as an inflection point, and the resulting large 

coherent structures are not able to form (Brunet, 2020) These thresholds have not yet been 

identified, but we hypothesize that the Stony Mulga Woodlands and Shrublands may fall near 

that range, providing a solid starting point for ongoing investigation mapping the transition 

between boundary layer and mixing layer dynamics. 

The shift to the two woodland/forest-type intermediate communities, Western Temperate 

Shrubby Woodlands, and Banksia Woodlands, marked a major shift in canopy structure, with the 
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introduction of a more developed crown layer and sub-canopy stratigraphy. Both communities 

exhibited vertical wind speed profiles that continually attenuated with increased depth into the 

canopy, a pattern likely driven by the closing canopy crown layer and the abundant, highly 

stratified mid- and understory vegetation structure (Figure 3.3). Both the Western Temperate 

Shrubby Woodland community and the Banksia Woodland community had complex sub-canopy 

architecture, dominated by highly stratified, dense mid- and understory vegetation, resulting in 

a pattern of continuous attenuation.  

The two woodland/forest-type communities are differentiated primarily by canopy density in the 

understory. While both communities presented similar shaped wind speed profiles, they differed 

in magnitude. The Western Temperate Shrubby Woodlands canopy featured frequent gaps and 

clearings which ranged in scale and geometry, likely increasing pressure gradients (Staebler & 

Fitzjarrald, 2005, Mission et al., 2007c), localized convection patterns due to temperature 

gradients within gaps (Schilperoort et al., 2020), and causing the sub-canopy flow to continually 

adjust to changing canopy architecture (Lee, 2000, Sutherland et al., 2017). The Banksia 

Woodlands community, in contrast, featured a denser mid- and understory architecture, with 

fewer gaps/clearings. Correspondingly, the wind speed profile, while similar in shape, exhibited 

a decreased magnitude relative to Western Temperate Shrubby Woodlands throughout the near-

ground region. Increased frontal area of the canopy and canopy density likely also led to 

increased pressure drag force (Nepf, 1999, Finnigan, 2000, Sharma & Garcia-Mayoral, 2019), and 

decreased the likelihood of eddy penetration (Sharma & Garcia-Mayoral, 2020b) from above the 
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canopy, resulting in decreased mean wind speed throughout the near-ground region. 

Understanding canopy flow through these uniquely complex Australian communities, as well as 

how the flow dynamics of these systems may differ from their more homogeneous global 

counterparts, will be essential to developing accurate models to inform future work in a wide 

range of ecophysiological applications.  

 

3.4.4 Near-Ground Wind Profiles in Ecology and Evolution 

Developing accurate wind flow modelling for complex systems is a critical step to understanding 

wind-ecology coupling. Exposure to chronic wind stress can impact plant physiology, alter cellular 

structure, and significantly influence a plant’s growth and vigour (Periera & Shaw, 1980, Ennos, 

1997, Bohm et al., 2013, Gardiner et al., 2016). Turbulent diffusion plays a major role in seed and 

pathogen dispersal within canopies and has been the subject of several modelling papers (Katul 

et al., 2005, Nathan et al., 2011). The results of this study indicated unique and distinguishable 

wind profiles for different Australian vegetation communities, indicating that community type 

impacts wind conditions, and therefore, given the established literature on the impact of wind 

on plants (Ennos, 1997, de Langre, 2008, Gardiner et al., 2016) ecologists should expect varied 

microclimates across these communities potentially driving variation in ecophysiological factors. 

While less explored in the existing literature, turbulence, or ‘gustiness,’ of a wind regime also has 

potential to influence physiology, as vegetation elements experience different mechanical stimuli 

and gas exchange in highly turbulent wind flows and understanding the relative ‘gustiness’ in the 
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sub-canopy region will undoubtedly contribute to understanding local instantaneous maximum 

velocities (Boldes et al., 2002, de Langre, 2008). While this study observed a collapse of turbulent 

intensities across communities, further study at a higher sampling frequency is needed to confirm 

this pattern. The close coupling of wind with so many physiological drivers within the ecosystem 

emphasises the need to develop a fuller understanding of a vegetation community’s wind flow 

patterns to cultivate comprehensive management practices.  

Wind regimes are potentially a driving factor of evolutionary differences between vegetation 

communities (Ennos, 1997), as vegetation continually exposed to extreme winds adapts and 

evolves to become resilient to the chronic wind stress. Species existing in the near-ground region 

of more naturally exposed communities (Clay Plains Saltbush Shrublands, Sandplain Hummock 

Grasslands, Stony Mulga Woodlands & Shrublands) may be innately resilient to wind exposure, 

and therefore able to facilitate germination, emergence, and recruitment despite significant wind 

stress. However, in communities where seedlings emerge in a more naturally sheltered 

environment (Western Temperate Shrubby Woodlands, Banksia Woodlands, Western Wet 

Sclerophyll Forests), it is logical to consider that wind has not served as a dominant selection 

pressure, and that species present in the near-ground region of these communities are largely ill-

adapted to exposure to elevated levels of wind stress. Underlying wind regimes may provide 

insight when comparing morphological/physiological differences not explained by other 

mechanisms, both when comparing between spatially distinct sites within a single community, 

as well as when comparing between two distinct vegetation communities (Ennos, 1997). The 
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‘invisible factor’ of wind regimes may play a key role in unlocking patterns of adaptation and the 

evolution of resilience within a vegetation community.  

 

3.4.5 Practitioner Applications 

From a practitioner’s perspective, understanding canopy flow patterns across diverse ecosystems 

provides another ‘tool-in-the-belt’ to augment management practice. Characterizing a system’s 

wind regime provides an additional layer of information, just as it is important to know the 

existing and targeted soil profile characteristics or species palette, knowing the existing and 

targeted wind regime will provide valuable context and knowledge to the site portfolio. This is 

further underscored when considering that wind is closely intertwined with many key ecological 

and physiological drivers of vegetation establishment, growth, and vigour (Ennos, 1997, de 

Langre, 2008, Gardiner et al., 2016), and could be manipulated anthropogenically to in turn 

control several ecological factors within the system (O’Connell, 2008, Yuan et al., 2012, David, 

2013, Zhang et al., 2018).   

This study’s focus on near-ground wind profiles (z < 3 m) draws from a management context. For 

an emerging seedling, the near-ground region represents the most biologically relevant 

microclimate driving physiological response. This study indicated significant differences in the 

near-ground wind regime between vegetation communities. Seedlings emerging in those 

respective communities would be subjected to widely different microclimates and wind stress 

conditions. When taking the next step, to compare undisturbed communities to modified 
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ecosystems (whether disturbed by fire, agriculture, energy/resource development, etc.), the 

architectural structure of vegetation elements within the near-ground region is a primary point 

of difference. In many cases, communities featuring dense, closed understory vegetation pre-

disturbance, will present with bare, open ground in early stages of restoration; the latter will 

result in the expected wind profile shifting closer to open landscape dynamics, subjecting 

seedlings to higher wind speeds than would occur when regenerating in an undisturbed 

understory. While the existing literature typically represents wind profiles at a whole-canopy 

scale (Raupach et al., 1996, Finnigan, 2000, Brunet, 2020), less experimental work has focused 

with a high resolution on the near-ground region, a key microclimate for emerging seedlings (but 

see: Staebler & Fitzjarrald, 2005, Mission et al., 2007c, Schilperoort et al., 2020). Data in this study 

begins to fill this gap; focusing on near-ground measurements, developing a single comparative 

study across several Australian vegetation communities which overlay key resource development 

regions. 

This study additionally begins the process of building a sliding scale for practitioners to 

interpolate wind profiles for transitional communities or those without an existing dataset. Meta-

analysis, such as that presented by Raupach et al. (1996) or Brunet (2020) holds potential to allow 

researchers or practitioners within other systems to draw inference from the empirical 

measurements here and build on established theory for canopy flow modeling. In a more regional 

context, the comparative framework of this study across a spectrum of Australian canopy 

architectures allows for logical comparison to similar communities not captured in our data set. 
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For example, Jarrah Forests, a diverse and widely distributed community in Western Australia, 

structurally fall between Western Temperate Shrubby Woodlands and Banksia Woodlands, and 

as such, a practitioner working in a Jarrah Forest could make an initial assumption that the pre-

disturbance wind profile, and corresponding exposure to wind stress, for Jarrah Forests would 

fall somewhere between the known wind profiles of Western Temperate Shrubby Woodlands 

and Banksia Woodlands. While meta-analyses of canopy flow patterns at the upper end of the 

canopy density scale have been explored in greater detail (Raupach et al., 1996, Brunet, 2020), 

in open and sparse canopies, the development of the sliding scale is currently less clear. Brunet 

(2020) highlights the need for further research into low canopy density systems, as well as the 

need to better identify the threshold where flow dynamics transition from being dominated by 

mixing layer dynamics (moderate to dense canopies) to instead being dominated by boundary 

layer dynamics (absence of vegetation to sufficiently sparse canopies). This is particularly 

relevant in the context of practitioner applications in conservation and restoration, where 

critically threatened communities are often situated within this less understood, low canopy 

density end of the spectrum. Further, given that post-disturbance sites are often devoid of 

vegetation, it is logical to expect that these modified systems would transition across the mixing-

layer/boundary-layer threshold as vegetation established throughout the restoration process. 

The empirical wind profile analysis presented in this study includes a wide range of communities, 

offering preliminary data on wind profiles in open and sparse canopies. The rapid expansion of 

LiDAR (Boudreault et al., Calders et al., 2020) and LES modelling (Finnigan & Shaw, 2000, Finnigan 

et al., 2009, Dupont et al., 2010) technology will facilitate more accurate characterization of 
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vegetation structure and flow patterns, and allow researchers to better understand the transition 

threshold where sufficiently low canopy density causes mixing layer dynamics to transition to 

boundary layer dynamics, and work to fill a substantial gap in unified theory (Brunet, 2020). 

Expanding the research agenda to incorporate wind tunnel simulations and cross-hemispherical 

comparisons will expand capability to draw global inferences from the results, and test the 

contention that Australian canopy structure, and therefore wind profiles, are uniquely complex. 

From a practitioner's perspective, this work will be critical to continue building out the sliding 

scale of canopy structure and corresponding flow dynamics, improving characterization of near-

ground wind profiles and seedling microclimates in the sparse, complex and heterogeneous 

systems prevalent in conservation and restoration projects around the globe. 

 

3.4.6 Conclusion  

This study provided a comparative, empirical dataset of sub-canopy wind speeds for six distinct, 

yet highly representative, Australian communities. We specifically focused on near-ground (z < 3 

m) wind speeds, to better understand the microclimate most biologically relevant to emerging 

seedlings’ growth and establishment. Overall, canopy density and structural complexity 

corresponded logically to decreasing mean wind speed. While canopy flow for communities near 

the extremes of the model framework envelope are currently more well understood, the complex 

intermediate communities present a dynamic and highly variable architecture that challenges 

construction of a single unified model. The results hold potential to enhance modelling for use in 
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restoration practice, as well as in the fields of fire ecology, forestry, agronomy, and conservation. 

Future work expanding the scale and resolution of measurements will expand preliminary efforts 

to fit a candidate set of models across all communities and facilitate the application of higher-

order modelling to fully resolve canopy flow through these complex systems. Furthermore, 

empirical study of how these wind profiles change with disturbance, and potentially reassemble 

with appropriate ecological management will be required to empirically understand the value of 

management practices. 
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4 NEAR-GROUND WIND SPEED CHANGES ACROSS A 20-YEAR POST-MINE RESTORATION 
CHRONOSEQUENCE OF BANKSIA WOODLANDS IN SOUTH-WEST AUSTRALIA 

4.1 INTRODUCTION 

4.1.1 Restoration as a Global Priority 

Ecological disruptions resulting from resource extraction and anthropogenic development 

have resulted in unprecedented ecosystem loss and biodiversity decline globally (Millennium 

Ecosystem Assessment, 2005a, Bullock et al., 2011, Perring et al., 2015). Ecological restoration 

offers a route to remedy these impacts (Bullock et al., 2011, Aronson & Alexander, 2013, 

Perring et al., 2015), a potential which the United Nations (UN) recognized by declaring 2021-

2030 the UN Decade on Ecosystem Restoration (United Nations Environment Agency, 2019), 

placing a high-profile spotlight on prioritizing restoration efforts.  This global attention 

provides an unprecedented opportunity for both science and practice in ecology, restoration, 

and conservation to facilitate change at a global scale.  

Mining and resource extraction presents a significant threat to global ecosystems (Sonter et 

al., 2018, Martins et al., 2020, Worlanyo & Jiangfeng, 2021), causing severe ecological 

degradation marked by the removal of vegetation cover and topsoil, breakdown of hydrologic 

regimes, and alteration to overburden and recontoured mine soils (Figure 4.1.d; Cooke & 

Johnson, 2002, Bandyopadhyay & Maiti, 2019).  These detrimental impacts are further 

emphasized by the fact that critical resources often overlay unique, fragile, and endemic 

communities of high conservation priority (Valliere et al., 2021), where species may be 

strongly co-evolved to their niches and struggle to recover from a disturbance that so 

fundamentally alters the ecosystem.  
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The implementation of ecological restoration projects can help to balance the economic need 

for ongoing mining activity with global sustainability goals. Restoration ecology has developed 

a deep pool of knowledge (discussed in greater detail in Chapter 1) unpacking the underlying 

mechanistic drivers of restoration success, while continually striving for practitioner 

application through the development of conceptual frameworks and system-specific 

management guidelines (Stevens et al., 2016, Miller et al., 2017, Guan et al., 2019, Valliere et 

al., 2021). While an emphasis on overcoming barriers to site recovery (Hobbs & Harris, 2001, 

King & Hobbs, 2006) and achieving mine completion criteria (Manero et al., 2021)  has placed 

focus on researching impacts of biotic and abiotic factors (Hobbs & Harris, 2001, King & 

Hobbs, 2006, Ehleringer & Sandquist, 2006), there remains a distinct gap regarding the role 

of wind in ecological restoration, particularly within the context of post-mine restoration of 

arid and semi-arid communities.   

 

4.1.2 Wind as an Unexplored Factor in Restoration  

The centralized efforts of ecological restoration programs, and the restoration ecology 

research that backs them, has largely focused on the ecological attributes outlined in the 

Society for Ecological Restoration guidelines (Gann et al., 2019). While this has resulted in a 

well-established literature pool (as described in greater detail in Chapter 1), the question that 

then naturally arises is: could the same be done to unpack the mechanistic role and 

management capabilities of wind as a factor in ecological restoration? Much is known about 

the fluid dynamics of wind flow in the atmospheric boundary layer (Brunet, 2020), and much 

is also known about the impact of wind on ecological and physiological factors (de Langre, 
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2008, Gardiner et al., 2016), and it is logical to assume that those a priori understandings are 

also likely to apply to the plants and microclimates in restoration systems. Wind significantly 

influences seedling microclimate (Pereira & Shaw, 1980, Bohm et al., 2013), plant physiology, 

growth, and vigor (Ennos, 1997, de Langre, 2008, Damschen et al., 2014, Gardiner et al., 

2016). If wind has a functional and driving influence in ecosystems, it is understandable to 

then assume this could be an important factor for consideration during restoration efforts, as 

efforts to establish vegetation are likely to occur in windy environments. 

Nonetheless, research directly investigating wind in a restoration context is limited, and often 

isolated to systems with extreme wind regimes, such as coastal dune stabilization (O’Connell, 

2008, Khalil & Raynie, 2015), preventing displacement of seeds and litterfall (Elmarsdottir et 

al., 2003, Ord, 2007, Rokich, 2016, Yan et al., 2016), or desertification and wind erosion (Li et 

al., 2006, Gao-Lin et al., 2011, Yuan et al., 2012). Wind mitigation efforts have remained 

predominantly focused on countering these extremes through wind fencing and similar 

anthropogenic wind shelters (Eranen & Kozlov, 2006, Li et al., 2006, O’Connell, 2008, Gao-Lin 

et al., 2011, Yuan et al., 2012, David, 2013, Zhang et al., 2018). The integration of wind as a 

component of ecological restoration, and correspondingly, restoration ecology, begins by 

developing a wider understanding of wind flow in restoration sites, along with an awareness 

of how wind regimes change across the disturbance-restoration timeline, therefore extending 

the knowledge base beyond isolated extremes, to instead incorporate wind management as 

a component of standardized restoration practice across a diverse range of biomes and 

systems. 
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4.1.3 Banksia Woodland Restoration in Post-Mine Systems 

One region of Australia with particular conservation and restoration importance is the 

Southwest Australian Floristic Region (SWAFR), a globally recognized biodiversity hotspot rich 

in native and endemic species (Myers et al., 2000, Hopper & Gioia, 2004, Merwin et al., 2012, 

Ritchie et al., 2021). While Banksia woodlands were once the dominant feature of the Swan 

Coastal Plain (Figure 4.1.a, green shading), less than 15% now remain (Figure 4.1.b, red 

shading) (Commonwealth of Australia, 2016, Stevens et al., 2016, Stanbury et al., 2018). The 

community is iconic to Western Australia, occurring in a mediterranean-type ecosystem on 

the well-drained soils of the Bassendean and Spearwood sandplains, with a sclerophyllous 

layer of predominantly Banksia trees (Banksia attenuata, B. menziesii), and a species-rich 

understory of woody shrubs, perennial forbs, and grasses (Figure 4.1.c) (Department of the 

Environment and Energy, 2017c, Stanbury et al., 2018). Unfortunately, this system is highly 

fragmented due to extensive development of urban centers, commercial pine plantations, 

and resource extraction, as well as from the ongoing threats of invasive plants, Phytophthora 

cinnamomi invasion, groundwater exploitation, and changing fire regimes (Lamont et al., 

2007, Cardillo & Skeels, 2016, Rokich, 2016, Ritchie et al., 2021). As a result of these 

substantial losses, Banksia woodlands are now classified as an “Endangered Ecological 

Community” under the Environmental Protection and Biodiversity Conservation (EPBC) Act 

(Hopper & Gioia, 2004, Stanbury et al., 2018).  
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Figure 4.1: Banksia Woodlands are an iconic community in Western Australia, yet their historic distribution on 
the Swan Coastal Plain (green shading, a) is under threat from urban development and resource extraction, which 
has led to a significant reduction in distribution (red shading, b) (Panels (a) and (b) adapted from Commonwealth 
of Australia, 2016 and Stevens et al., 2016). Comparison of an undisturbed Banksia woodland (c), and a post-
mine Banksia woodland restoration site, within its first year of restoration (d), shows the substantial differences 
in vegetation structure influencing near-ground wind regimes.  

  



97 

 

Despite their conservation priority, practical conservation of Banksia woodlands remains 

challenging, and the information guiding science-based practice remains limited (Rokich et 

al., 2001, Turner et al., 2006). In many global systems, knowledge of ecological succession, 

the pattern of development in an ecosystem after disturbance (Gann et al., 2019), can be 

used to inform reference models and temporal dynamics (Walker & del Moral, 2008, Gann et 

al., 2019). While the most fundamental successional models historically built around 

ecosystems following a linear path toward a single climax state, modern ecological theory has 

embraced non-equilibrium dynamics (Wallington et al., 2005). Understanding equilibrium 

dynamics can facilitate the recovery of ecological resilience during restoration by identifying 

alternate stable states and corresponding recovery trajectories (Suding et al., 2004).  

However, very little has been written explicitly unpacking successional- or equilibrium-

dynamics for Banksia Woodlands, with the application of these conceptual models absent 

from Banksia literature, as well as the major reviews on the ecology and conservation of the 

system (Pate, 1989, Stevens et al., 2016, Ritchie et al., 2021). 

What is known about successional dynamics and natural disturbance regimes can be drawn 

from the expanding literature examining Banksia Woodland fire ecology. Historically, there is 

evidence of fire within these systems dating back to the Tertiary (Hassell & Dodson, 2002), 

and while surveys indicate most recent fires in the Perth metropolitan area (overlaying a large 

area of Banksia woodland distribution) were the result of unplanned anthropogenic ignitions 

(Plucinski, 2014), understanding successional patterns in post-fire recovery holds potential to 

inform conservation and restoration across a wide range of disturbances (Walker & del Moral, 

2008). Empirical modeling studies indicate optimal fire intervals for Banksia Woodlands range 



98 

 

from 10 to 20 years, depending on species (Lamont et al., 2007); with Banksia attenuata 

exhibiting an optimal fire interval of 12-13 years, and a risk of local extinction in intervals of 

<6 years (Enright et al., 1998). Fire intensity varies seasonally, with fires exhibiting higher 

intensity in the fall than in the spring (Lamont et al., 2007).  Immediately following a fire, many 

species (Austrostipa compressa, Anthocercis littorea, Acacia pulchella, Adenanthos 

cygnorum) rapidly regenerate from the topsoil seedbank (Stevens et al., 2016). Further, adult 

resprouters have been found to regenerate within the first few months post-fire (Bell et al., 

1992, Miller et al., 2020), and often exhibit near 100% recovery (Lamont et al., 2007). Within 

the first 5 years post-fire, near-surface vegetation has been shown to increase rapidly to ~50% 

vegetation cover (Tangney et al., 2022). Burrows and McCaw (1990) report fuel accumulation 

stabilized after 8 to 10 years post-fire, while Tangney et al. (2022) report fine fuel stabilized 

after 13 years (on Spearwood sands) and after 20 years (on Bassendean sands). As a 

serotinous community, Banksia Woodlands are highly adapted, and resilient, to disturbance 

by fire; nonetheless, this resilience is not mirrored in post-mine sites, where significant 

challenges to recovery remain (Rokich et al., 2001, Turner et al., 2006).  

Post-mine restoration of Banksia woodlands has gained substantial attention because of 

legislative requirements to restore the ecosystem following the development of underlying 

sand dunes for silica and building materials (Rokich, 2016, Ritchie et al., 2021). Research 

developing best-practice has expanded significantly the past 30 years (Stevens et al., 2016, 

Ritchie et al., 2021), with a focus on soil hardening (Rokich et al., 2001, Benigno, 2012), topsoil 

management (Rokich et al., 2000, Fisher et al., 2009, Fowler et al., 2015), species genetics 

(Ritchie & Krauss, 2012), and seed biology (Merritt et al., 2007, Dixon et al., 2009). Much of 
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this body of work has been a result of a partnership between Rocla Quarry Products, now 

known as Hanson Construction Materials, and the Kings Park and Botanic Garden in Perth, 

Western Australia (Rokich et al., 2001, Stevens et al., 2016). This partnership formed the first 

major Banksia Woodland restoration program in 1995, now representing >20 years of 

intensive research, and the publication of one of the first books (Stevens et al., 2016) 

dedicated to Banksia restoration. Yet despite recent scientific advances, efforts to restore 

Banksia woodlands following sand mine disturbance continue to struggle with high seedling 

mortality rates, largely due to drought stress and soil compaction (Rokich et al., 2001, 

Benigno, 2012, Stevens et al., 2016), emphasizing that there remains a pressing need to 

expand this field of research.  

Relative to natural disturbance such as fire, post-mine restoration systems are driven to a far 

more degraded alternate state (Figure 4.1.d), creating unique challenges across several biotic 

and abiotic factors. Among the many factors potentially serving as barriers to recovery, the 

structure of vegetation roughness elements immediately following disturbance is particularly 

pertinent to canopy flow patterns and resultant wind stress. While post-fire systems retain 

and rapidly regenerate vegetation structure following disturbance (Lamont et al., 2007, 

Tangney et al., 2022), post-mine environments lack established resprouters and exhibit 

reduced development of initial vegetation cover (<20% on sites under 6 years of age; 

Mounsey et al., 2022). As a result, seedlings emerging in a post-mine environment are likely 

experiencing canopy flow conditions, microclimates, and exposure to wind stress divergent 

from the conditions for which they have adapted. Characterizing empirical wind profiles 

provides a logical first step to unpacking the role of wind in restoration. Canopy flow literature 
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has established an extensive body of work describing wind flow within and above vegetation 

canopies (Finnigan, 2000, Brunet, 2020). Discussed in greater detail in Chapter 1, flow in the 

absence of vegetation can be readily described using boundary layer dynamics and the 

logarithmic flow model (Eq 1.2) (Kaimal & Finnigan, 1994), while flow in vegetated canopies 

implement mixing layer dynamics to couple the canopy-, roughness-, and inertial-sublayers 

by accounting for the influence of large coherent structures operating above the canopy 

(Finnigan, 2000, Brunet, 2020).  A wide range of modeling approaches, including those 

proposed by Poggi et al. (2004b) and Harman and Finnigan (2007) have exhibited the capacity 

to accurately predict canopy flow across a range of dense, homogeneous systems. 

 However, because these models have been predominantly developed for dense, 

homogeneous, closed forest systems (Figure 4.2.a,d), they may not fully account for 

conditions often seen in modified systems, including many conditions prevalent in ecological 

restoration. Flow through sparse, open, and heterogeneous canopies is less understood 

(Staebler & Fitzjarrald, 2005, Brunet, 2020). Recognizing that canopy flow is largely driven by 

canopy density (Dupont & Brunet, 2008a, Nepf & Ghisalberti, 2008), and that often modified 

systems, such as post-fire or post-mining sites, endure a significant loss of vegetation 

structure (Herath et al., 2009), it is logical to expect wind profiles to shift to more closely 

resemble open-landscape dynamics following disturbance (Figure 4.2.b,e), then follow a 

stepwise progression as vegetation re-establishes, eventually returning to the lower-

magnitude, continual attenuation profile observed in undisturbed Banksia woodlands (Figure 

4.2.c,f).   
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Figure 4.2: While established canopy flow models have been developed predominantly for closed, homogeneous forests (a, d), wind dynamics in sparse, open, heterogeneous 
systems are less understood. Established sub-canopy flow models often follow an exponential pattern (d, dark red arrows), and can also feature secondary maxima (d, light 
red arrows) in the more open trunk space. Following the removal of vegetation, sparse, open conditions often persist well into the restoration chronosequence (b, e), and as 
a result, wind profiles are likely to diverge from those seen in undisturbed Banksia Woodlands (c, f). Near-ground wind profiles are expected to follow a stepwise progression 
from the logarithmic pattern of open landscape dynamics during early-stage restoration (e, light red arrows) to the attenuated profile observed in undisturbed Banksia 
Woodlands (f). 
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The Chapter 4 study investigated wind profiles in modified systems, where the primary 

research objective was to characterize canopy flow across a 20-year post-mine Banksia 

Woodland restoration chronosequence, comparing pre- and post-disturbance sites, and 

evaluating the changes in near-ground wind speed profiles across the restoration timeline. 

Building on a priori knowledge of canopy flow patterns and the link between wind profiles 

and vegetation structure (Raupach et al., 1996, Finnigan, 2000, Brunet, 2020), as well as 

expanding knowledge of post-disturbance community reassembly in Banksia Woodlands 

(Mounsey, 2014, Mounsey et al., 2022, Tangney et al., 2022), wind profiles were hypothesized 

to follow patterns of increasing structural complexity and vegetation cover, progressing from 

the logarithmic profile typical of open landscapes, to the lower magnitude, continual 

attenuation profile seen in undisturbed Banksia Woodlands (Chapter 3). To address this 

research objective, a case study was established along the Hanson post-mine restoration 

chronosequence, with empirical monitoring of near-ground wind regimes on sites with 

restoration ages ranging from 0 to 20 years. This case study serves as a starting point to 

establish wind profile monitoring and wind mitigation as a core component of restoration 

practice and enhance site recovery by developing a better understanding of the microclimate 

most immediately relevant to seedling emergence and physiology. 
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4.2 METHODS 

Near-ground wind speeds were monitored with propeller anemometers at sites that spanned 

a chronosequence of Banksia Woodland post-mine restoration, with site age ranging from 

zero to twenty years.  Components of the methodology common to Chapter 3 and Chapter 4 

are addressed in detail in Chapter 2, while aspects of the methodology unique to Chapter 4 

have been expanded below.   

 

4.2.1 Site Descriptions 

Five sites monitoring restoration at zero, two, six, ten and twenty years since restoration 

(Figure 4.3.b-c) were established at the Hanson Construction Materials (Hanson) sand 

quarries near Gnangara, Western Australia (31.78° S, 115.95°E), with a further four reference 

sites established northwest of the mine in undisturbed Banksia Woodlands near Joondalup, 

Western Australia (Figure 4.3.a). There is an established space-for-time chronosequence of 

post-mine Banksia woodland restoration at the Hanson sites spanning 20+ years for which 

management practices have been consistent and well-documented (Rokich, 2016).  Site age 

was assigned as the number of years since initial restoration efforts, spanning sites aged zero 

to twenty years (0-Year Site = 2014, 2-Year Site = 2012, 6-Year Site = 2008, 10-Year Site = 

2004, 20-Year Site = 1994). The undisturbed sites, 20 km north-west of the Hanson sand 

quarry (Figure 4.3.a), served as the endpoint for the restoration chronosequence, and 

featured Banksia menziesii R.Br. and Banksia attenuata R.Br. canopy, with a dense, complex 

Calytrix spp., Hibbertia spp., and Xanthorrhoea spp. mid- and understory (Department of the 

Environment and Water Resources, 2007, Department of the Environment and Energy, 
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2017c). Undisturbed field sites were selected which typified the given Major Vegetation 

Subgroup description for Banksia Woodlands (Department of the Environment and Water 

Resources, 2007, Department of the Environment and Energy, 2017c) and showed little to no 

disturbance or legacy features.  

The establishment of reference sites is an important practice in restoration, providing a 

‘control’ to monitor in the absence of disturbance, and to provide a target from which to 

monitor the relative divergence of a variable from ‘ideal,’ and construct restoration goals to 

aid in guiding site recovery. Formally, reference sites are defined by the Society for Ecological 

Restoration as sites that are “environmentally and ecologically similar to the project site, but 

optimally have experienced little or minimal degradation” (Gann et al., 2019). Modern 

guidelines for establishing reference sites have moved beyond simply returning to historic 

pre-disturbance conditions; and instead aim to optimize resilience by incorporating factors 

such as climate change and alternate stable states to select references which follow a logical 

ecosystem trajectory in the absence of disturbance (Gann et al., 2019). Within this study, the 

undisturbed Banksia Woodland sites established for the Chapter 3 study served as the 

reference sites for the post-mine restoration chronosequence. 
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Figure 4.3:  Field site locations for Undisturbed Banksia Woodlands, and the postmine restoration 
chronosequence (a), with the inset of (a) showing relative location in Western Australia, and an expanded view 
of the restoration chronosequence sites (b,c) spanning ages from 0 years (red), 2 years (orange), 6 years (yellow), 
10 years (blue) to 20 years (light green). 
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Figure 4.4: Chronosequence of postmine Banksia Woodland restoration, with a schematic of vegetation structure 
and representative photo for each timepoint, including 0-Year (a), 2-Year (b), 6-Year (c), 10-Year (d), and 20-
YeI(e) timepoints, with Undisturbed Banksia Woodland sites (f) used as the final timepoint. Spatial heterogeneity 
in the canopy structure was high in many of the Chapter 4 sites, particularly as community assembly developed 
across mid- and late-stage restoration. 
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Due to the spatial limitations of the Hanson sand mine, chronosequence sites were limited to 

one geographically and spatially distinct field site for each chronosequence timepoint. There has 

been an extended debate within ecology literature concerning experimental replication 

practices, in large part triggered by the seminal critique of Hurlbert (1984), who contended that 

the application of inferential statistics to studies where treatments are not spatiotemporally 

isolated is inherently invalid. Acknowledging the very real concerns surrounding replication 

practices in field ecology (Hurlbert, 1984, Ramage et al., 2013), and the ongoing evolution of the 

discipline to encourage highly rigorous, repeatable investigations; there remain times 

(particularly during the study of post-disturbance and restoration systems) when classical 

experimentation is simply not feasible. Hurlbert’s (1984) approach has received a great deal of 

pushback for the hard-line emphasis on classical experimentation and consequential dismissal of 

the value of natural experiments (Hargrove & Pickering, 1992, Oksanen, 2001, Schank & Koehnle, 

2009, Davies & Gray, 2015, Colegrave & Ruxton, 2018). A space-for-time chronosequence, like 

the one implemented in this study, diverges from Hurlbert’s (1984) classic experiment, as 

treatments are spatially clustered rather than interspersed, and therefore treatment is 

confounded with site and geospatial features. Nonetheless, place-based empiricism and case 

studies hold a significant role in the development of ecological theory (Krebs, 2010, Price & Billick, 

2010). As noted by many of the authors responding to Hurlbert (Hargrove & Pickering, 1992, 

Oksanen, 2001, Schank & Koehnle, 2009, Davies & Gray, 2015, Colegrave & Ruxton, 2018), there 

is an extraordinary amount of ecological insight to be gained from ‘messy’ natural experiments, 
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given that the experimental unit can be considered representative, within-study replication has 

been optimized, and that the hypotheses and inferences are framed appropriately.      

The Hanson chronosequence has proven its scientific importance as a globally unique research 

system and a representative example of post-mine restoration in Banksia Woodlands. The site’s 

significant funding, extensive monitoring, and cross-discipline research initiatives (Rokich, 2016) 

have produced a research environment fuelled by science-driven practice that reaches beyond 

what is seen in many restoration programs globally. As an established space-for-time 

chronosequence, the Hanson system assumes that the predominant difference between sites is 

in fact the restoration age, and that the treatment effect is independent of site or spatial variation 

acting as a confounding variable (Hargrove & Pickering, 1992). This investigation utilized sample 

replication (ten randomly placed monitoring points established within each macro-

site/treatment), as well as within-study replication (three temporal replicates throughout the 

experimental season) to increase sample size and provide a representative picture of the system 

in question (Filazzola & Cahill, 2021). Further, the single treatment sites were compared with 

multiple control sites (Oksanen, 2001), as the chronosequence ‘treatment’ sites at the Hanson 

sand mine were compared to a set of four reference, or ‘control’ sites in nearby undisturbed 

Banksia Woodland. Inferential statistics were applied to evaluate ‘case study’ variations within 

the study (Cottenie & De Meester, 2003, Oksanen, 2004, Colegrave & Ruxton, 2018), yet are not 

intended to imply regional or global inference without additional research. To evaluate broader 

implications in the absence of inferential statistics, this study takes the approach proposed by 
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Oksanen (2004), Davies and Gray (2015), and Colegrave and Ruxton (2018), where ecologists can, 

and should, look to interpret the results by applying their ecological understanding of the system 

to provide evidence in support of a priori theoretical understanding, and form emerging 

hypotheses for follow-up investigation.  

 

4.2.2 Defining Structural Complexity and the Model Framework 

The chronosequence used in this study followed a pattern of community assembly that 

transitioned from the bare, open landscape of early-stage restoration, to shrub-dominated mid-

stage vegetation, and emergent trees of late-stage restoration sites, to the dense, complex 

canopy typical of undisturbed Banksia Woodlands.  Due to the diversity in canopy height across 

the study, fixed measurement heights (Figure 4.5, grey bars) allowed for the most direct 

comparison of near-ground wind profiles across restoration timepoints. This temporal 

development in vegetation structure was marked by a wide variation in structural complexity (a 

factor, discussed more extensively in Chapter 3, which incorporates canopy density, 

heterogeneity of structure across the sub-canopy stratigraphy, and diversity of both plant species 

and structural forms (Bartha et al., 2004)). As the vegetation canopy developed across the 

chronosequence, canopy density and structural complexity both increased. Early-stage 

restoration (0-Year and 2-Year sites; Figure 4.5, red and orange respectively) exhibited minimal 

vegetation, with bare, open sand, and small emergent seedlings (h < 0.5 m). The 6-Year site 

(Figure 4.5, yellow) featured primarily mid-size shrubs and grasses (h ~ 1 m), moderately spaced 
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with bare sand between. At the 10-Year site (Figure 4.5, light blue), canopy density and structural 

complexity increased significantly, with the development of large shrubs (h ~ 2 m) and densely 

spaced vegetation roughness elements. Late-stage restoration (20-Year site; Figure 4.5, light 

green) marked the beginning of an emergent tree layer over mid- and large-size shrubs, while 

the understory remained minimally developed. The undisturbed Banksia Woodland (Figure 4.5, 

black) exhibited a complex canopy with many sub-canopy stratigraphic layers; with a more closed 

crown layer and denser understory from that of the 20-Year site. Vegetation monitoring across 

the Hanson chronosequence (Mounsey, 2014, Mounsey et al., 2022) reflects this pattern of 

vegetation re-establishment, as percent cover increased with restoration site age, from < 20% 

cover on sites under 6 years of age, to percent cover ranging from 10 – 40% on sites aged 6 to 15 

years, 10 – 80% cover on sites aged 18 – 19 years, with reference sites exhibiting an average 

percent cover of 81%. Despite the substantial loss of Banksia woodlands elsewhere in the SWAFR, 

however, there is remarkably little empirical evidence on how the community recovers following 

disturbance, so it is difficult to generalise the patterns observed at the Hanson restoration 

chronosequence. Nevertheless, the development of the vegetation structure at these sites 

supports the progressive development of vegetation structure in postmine Banksia restoration. 

Canopy density and structural complexity are mechanistically linked to altered flow patterns and 

are likely to drive variation in near-ground wind flow patterns across the restoration. 
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Figure 4.5:  Near-ground wind profiles across a postmine Banksia Woodland restoration chronosequence, with mean 
wind speeds monitored at four fixed near-ground heights (grey bars). Several timepoints across the chronosequence 
were monitored, including 0 years following restoration (red), 2 years (orange), 6 years (yellow), 10 years (light blue), 
20 years (light green), and undisturbed Banksia Woodland sites (black). 
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4.2.3 Data Analysis 

Wind speed data were analysed using R 3.5.2 software (R Core Team, 2017) and presented as the 

mean ± standard error across all replicate five-minute runs. A between-subjects ANOVA was 

conducted to compare the main effects of measurement height and restoration chronosequence 

timepoint. Additionally, a probability density function (PDF), visualized using the ‘ggplot2’ 

package (Wickham, 2016), was used to further explore the distribution of instantaneous wind 

speeds and high magnitude observations.  

As discussed in greater detail in Chapter 2, one issue influencing the data analysis was the degree 

of censoring which occurred due to the mechanical limits of the anemometer (Min & Agresti, 

2002, Zhang et al., 2009, Helsel, 2010, Canales et al., 2018, Liu et al., 2019). The percentage of 

measurements below the sensor detection limit was calculated for each measurement height (z 

= 0.1 m, 1.0 m, 1.5 m, 3.0 m) within each restoration chronosequence timepoint (Table 4.1). The 

severity of censorship varied across measurement heights and chronosequence timepoints 

(Table 4.1). 
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Empirical mean wind speeds were normalized by a reference wind speed, �̅�𝑟, calculated from 

the one-minute mean wind speed, recorded at a height of 10 m, by the nearest Australian 

Bureau of Meteorology weather stations (Regional Office, West Perth, WA, Australia). For all 

sites in the Chapter 4 study, the reference wind speed values were drawn from the nearest 

weather station, Pearce RAAF (-31.67° S, 116.02° E). Reference wind speeds were temporally 

matched to the on-site empirical data observations. The normalized mean wind speeds were 

then spatially averaged across all measurement points and replicates to provide a mean 

normalized wind speed, 〈�̅�/�̅�𝑟〉, at each measurement height in each community. 

 

TABLE 4.1: Percentage of observations below the sensor detection limit for 
streamwise wind speed measurements at each measurement height, z, across 
each restoration chronosequence timepoint. Degree of measurement censorship 
is categorised as *low (10%), **medium (35%), ***high (65%), ****severe (90%) 
following ranges defined by the U.S. Army Public Health Command (2015), Canales 
et al. (2018) 
Chronosequence Timepoint z = 0.1 m z = 1.0 m z = 1.5 m z = 3.0 m 

0-Year Site 21 %* 12 %* 11 %* 8 % 
2-Year Site 23 %* 13 %* 10 %* 10 %* 
6-Year Site 59 %** 15 %* 19 %* 3 % 
10-Year Site 64 %** 29 %* 17 %* 3 % 
20-Year Site 97 %**** 25 %* 19 %* 17 %* 
Undisturbed Banksia Woodland 52 %** 50 %** 60 %** 6 % 
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4.3 RESULTS 

4.3.1 Near-Ground Mean Wind Speed 

Within this case study (post-mine Banksia Woodland restoration at the Hanson sand mine, 2014-

2015), mean streamwise wind speed varied significantly with height, z, across all chronosequence 

timepoints F3,40 = 6.64, MSE = 1.18, p << 0.001 (Figure 4.5.a). Mean streamwise wind speed was 

also significantly influenced by chronosequence timepoint F5,40 = 5.18, MSE = 1.18, p << 0.001, 

decreasing in magnitude with progression along the restoration chronosequence. Further, there 

were more high-magnitude instantaneous wind speed observations in early-stage restoration 

sites (Figure 4.6). 

The near-ground mean wind speed profile for undisturbed Banksia Woodlands, first described in 

Chapter 3, served as a baseline for comparison to the Hanson chronosequence. Wind speed at 

the undisturbed site attenuated vertically (between 0.58 ± 0.05 m s-1 and 1.54 ± 0.06 m s-1) with 

increased depth into the canopy (Figure 4.6.a,c,d). Relative to the undisturbed sites, early-stage 

restoration chronosequence timepoints (zero and two years old), which exhibited predominantly 

bare sand with minimal vegetation growth (< 50 cm in height), presented vertical wind profiles 

more closely resembling the classic surface boundary layer profile for wind in open landscapes 

(Figure 4.6.a,c,d). Both early-stage restoration sites had higher near-ground mean wind speeds 

relative to undisturbed counterparts (between 1.53 ± 0.14 m s-1 and 3.08 ± 0.29 m s-1 for the 0-

Year site, and between 1.52 ± 0.15 m s-1 and 3.62 ± 0.37 m s-1 for the 2-Year site), with no 

significant difference between the shape or magnitude of the vertical wind speed profile  
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Figure 4.6: Wind regimes across a post-mine Banksia Woodland restoration chronosequence: a) streamwise mean 
wind speed, 〈�̅�〉, as a function of height, z, b) turbulent intensity,〈𝑖𝑢〉, as a function of height, z, where the grey band 
represents the 95% confidence interval; c) mean wind speed normalized against a reference wind speed, 〈�̅�/�̅�𝑟〉, as 
a function of height, z; and d) mean wind speed normalized against a reference wind speed, 〈�̅�/�̅�𝑟〉, as a function of 
normalized height, z/h. Restoration timepoints are marked by colour: 0-Years (red), 2-Years (orange), 6-Years 
(yellow), 10-Years (light blue), 20-Years (light green), undisturbed Banksia Woodlands (black). The primary dataset, 
which excluded nondetect values, is represented across all panels by solid lines, circle markers, and standard error 
bars. Panel a) additionally shows the outcome of the sensitivity analysis, including nondetect substitution c = 0 m s-1 
(diamond markers), and nondetect substitution c = 0.3 m s-1 (triangle markers).  
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between the two early-stage timepoints. The 6-Year site had lower near-ground mean wind 

speeds (between 0.77 ± 0.14 m s-1 and 2.6 ± 0.12 m s-1) relative to the two younger sites, with 

mean wind speed decreasing linearly with decreasing measurement height (Figure 4.6.a,c,d). The 

10-Year site also presented a pattern of continual attenuation, with low wind speeds within the 

sub-canopy, which increased slightly just above the vegetation roughness elements (ranging from 

0.55 ± 0.04 m s-1 to 2.71 ± 0.19 m s-1) (Figure 4.6.a,c,d). The 20-Year site exhibited a slightly higher 

mean wind speed at the ground level (0.82 ± 0.08 m s-1) relative to corresponding measurements 

at the 6-Year or 10-Year sites; but had the lowest wind speeds of the study across the remaining 

near-ground measurements (ranging from 0.76 ± 0.06 m s-1 to 2.33 ± 0.15 m s-1) (Figure 4.5.a-b). 

When normalized by a reference wind speed (Figure 4.6.c), near-ground mean wind profiles 

separated into two distinct groupings. Early-stage restoration (0-Year and 2-Year 

chronosequence timepoints) exhibited significantly higher mean wind speeds than the remainder 

of the study, while mid- and late-stage restoration showed a distinct shift toward the more 

attenuated wind profile seen in undisturbed systems. Mid-stage restoration (6-Year and 10-Year 

chronosequence timepoints) showed a marked attenuation of wind speed at lower measurement 

heights (z < 1.5 m), largely returning to pre-disturbance levels, while wind speeds at the 3 m 

measurement height only moderately reduced in magnitude and remain distinct from pre-

disturbance levels. Late-stage restoration (20-Year chronosequence timepoint) exhibited a 

unique profile, with higher ground-level wind speeds and lower mid-canopy wind speeds than 

the undisturbed baseline profile yet remained dominated by the low wind speeds throughout the 

near-ground region. The progression of decreasing wind speed across the restoration 
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chronosequence in the Hanson case study followed patterns of successional vegetation 

development and increasing structural complexity, as vegetation establishment on site 

continually pushed wind speed profiles to return to pre-disturbance levels.  

A probability density function (PDF) of instantaneous wind speed was used to further investigate 

wind regimes across restoration chronosequence timepoints (Figure 4.7). The progression of 

decreasing wind speed magnitudes with increased restoration age seen in the mean values was 

also reflected in the PDF distribution, with a distinct clustering of early-stage restoration sites at 

higher magnitudes (0-Year and 2-Year chronosequence timepoints), while mid- and late-stage 

restoration sites clustered at lower magnitudes (6-Year, 10-Year, and 20-Year chronosequence 

timepoints). At all measurement heights, early-stage restoration sites (0-Year and 2-Year 

chronosequence timepoints) exhibited deviations at the right-hand tail, with increased density 

of higher magnitude observations. 

 

4.3.2 Turbulence Statistics 

There was a strong collapse of turbulence intensities across the study, with values falling within 

a 95% confidence interval around the mean of 0.44, 95% CI [0.41, 0.46] (Figure 4.6.b). Knowledge 

of the mean velocity at any height should therefore additionally provide information about the 

gustiness within that microclimate as well.  



118 

 

 

Figure 4.7: Probability density functions of the instantaneous wind speed for each measurement height z = 0.1 m (a), z = 1 m (b), z = 1.5 m (c), z = 3 m (d), grouped 
by restoration chronosequence timepoint (0-Years (red), 2-Years (orange), 6-Years (yellow), 10-Years (light blue), 20-Years (light green), and undisturbed Banksia 
Woodlands (black)). Vertical dashed lines mark study-wide means for each chronosequence timepoint. Grey-shaded backgrounds mark wind speed thresholds at 
2.5 m/s and 5 m/s. While mean values across the study may remain at moderate to low values, high variability resulted in substantial tails at higher magnitudes. 
Early-stage restoration (0-Year and 2-Year site) exhibited strong deviations from older chronosequence timepoints, with tails reaching into higher magnitude 
bands.
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4.4 DISCUSSION 

This study investigated wind profiles across a chronosequence of postmine Banksia Woodland 

restoration sites, with a specific focus on characterizing biologically relevant near-ground wind 

speeds to guide ecological management. Within this case study, the native, undisturbed Banksia 

Woodlands exhibited a pattern of continual attenuation to low magnitudes in the near-ground 

region, while post-disturbance wind profiles diverged significantly from this pattern. Near-

ground wind profiles in early-stage restoration showed a marked increase in magnitude relative 

to undisturbed counterparts, more closely aligned with the logarithmic profile typical of open 

landscape dynamics. This is logical, as early stages of post-mining restoration presented open 

landscapes devoid of vegetation. Mid- and late-stage restoration sites showed a return to wind 

speed profiles more closely aligned with those of undisturbed systems, progressively reducing 

magnitudes in the near-ground region, corresponding to increased canopy density and structural 

complexity as vegetation roughness elements developed over time.  

 

4.4.1 Undisturbed Banksia Woodland Wind Dynamics 

Undisturbed Banksia woodlands, discussed in greater detail in Chapter 3, are a structurally 

complex community, characterized by a high canopy density and several dense sub-canopy 

vegetation strata, which was reflected in the pattern of continual attenuation of wind speed with 

increasing depth into the canopy, and the low-magnitude wind speeds exhibited at the near-

ground heights (Figure 4.6.a,c,d).  
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4.4.2 Early-Stage Restoration (0-Year and 2-Year Site) Wind Dynamics 

Immediately following disturbance, sites were devoid of vegetation, and as a result, the wind 

profiles had shifted, increasing in magnitude to more closely resemble the flow patterns seen in 

open landscape dynamics (Figure 4.6.a,c,d). The short stature of the newly established seedlings 

and green stock planting (h < 1 m) minimized influence on the dominant flow patterns. While 

mean values may have been suppressed from those predicted by Equation 1.2 for a flat open 

surface, this is likely due to the influence of surrounding topography, as early-stage restoration 

sites sat within an active surface-mine complex with reduced fetch and potential landscape-scale 

interference. Nonetheless, relative to other sites within the study, early-stage restoration wind 

speeds diverged significantly, resulting in a near-ground environment exposed to chronically high 

wind speeds. 

While an analysis of the means revealed general patterns of shifting wind profiles within this case 

study of post-mine restoration, a closer examination of the data, particularly higher magnitude 

observations, underscores the potential high-stress conditions of early-stage restoration sites 

(Figure 4.7). Due to a high degree of variability across the study, relatively low study-wide mean 

wind speeds masked the occurrence of much higher magnitude single-point observations. We 

strongly recommend further study into the variation of instantaneous wind speed observations, 

with a higher sampling frequency, including exploration of the data using probability density 

functions, as well as analysis of higher order statistics. These single-point, instantaneous high 

magnitude observations may have substantial biological implications for plants in these 
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environments. Cumulative effects of parallel abiotic stressors such as extreme temperature, 

drought stress, and salinity have all been identified in other ecosystems (Drake et al., 2013, 

Kosova et al., 2018), many of which may impact restoration of Banksia woodlands. Discussed in 

greater depth in the following chapters, there is potential to uncover mechanistic drivers of 

limited vegetation establishment through the exploration of the physiological impacts of highly 

variable wind regimes with significant occurrences of high magnitude instantaneous wind 

speeds, as were identified in this study, particularly on early-stage restoration sites.  

 

4.4.3 Mid- & Late-Stage Restoration (6-Year, 10-Year, & 20-Year Site) Wind Dynamics 

Wind dynamics in mid- and late-stage restoration within this case study showed a substantial 

difference to the early-stage wind profiles, clustered at significantly lower magnitudes, more 

closely representative of the reference wind profile of undisturbed Banksia woodlands (Figure 

4.6.a,c,d, Figure 4.7). Wind profiles for the 6-Year, 10-Year, and 20-Year sites closely clustered at 

a distinctly reduced magnitude relative to their 0-Year and 2-Year counterparts, marking a clear 

shift in wind dynamics somewhere between Year 2 and Year 6. At the 6-Year timepoint, 

vegetation had begun to develop onsite (grass and shrubs, h ~ 1 m), attenuating the flow at the 

lower measurement points. The 10-Year timepoint was marked by a major development in 

canopy architecture, an increase in canopy density and canopy height, and correspondingly, 

mean wind speeds at lower measurement points (z < 1.5 m) continued to decrease in magnitude 

to wind speeds similar to pre-disturbance levels. The 20-Year timepoint was marked primarily by 
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the formation of an emergent Banksia spp. overstory, where the increased canopy density is 

reflected by low wind speeds at mid-range measurement heights. In these mid- to late-stage 

restoration landscapes wind flow at lower measurement heights (z < 1.5 m) largely returned to 

pre-disturbance levels, yet the lack of fully developed crown canopy resulted in only a moderate 

reduction in wind speed at upper measurement heights (z = 3 m). Nevertheless, the mid- and 

late-stage restoration sites demonstrated a clear trajectory to conforming to the wind dynamics 

of the reference ecosystem as the development of vegetation during mid- and late-stage 

restoration shifted near-ground wind profiles away from open landscape dynamics toward flow 

patterns typical of undisturbed Banksia Woodlands. 

 

4.4.4 Emerging Hypotheses and Potential Global Inferences 

Implications of this study vary depending on scale of inference. When viewed in the local context 

of the experimental unit (the Hanson sand mine), empirical observation provides direct 

information about microclimate conditions onsite. Future research repeating the case study 

across additional sites and seasons within the Hanson system will provide confirmation of case 

study results, supplementing monitoring practice, and informing management decisions within 

the Hanson system.  

Beyond the scale of the case study, inferences drawn from this investigation are bounded either 

as contributing supporting evidence for established ecological theory or as emerging hypotheses 

for exploration in future research. Results of this preliminary case study exhibited decreased wind 
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speed on sites with increased canopy density, aligning with the established theory that canopy 

density serves as a mechanistic driver of canopy flow in vegetated systems (Brunet, 2020). The 

most dominant ecological variant across these sites is restoration age, and therefore a sound 

hypothesis can be formed connecting increased restoration age to increased vegetation 

establishment and increased canopy density, and in turn to decreased near ground wind speed. 

Further, we hypothesize that because patterns of vegetation establishment, canopy structure, 

and site recovery within this case study system are considered representative of post-mine 

Banksia Woodland restoration, the wind profiles seen in this case study can also be considered 

representative and would continue to be seen in a larger-scale post-mine Banksia Woodland 

restoration experiments. At a regional scale, we also anticipate that the outcomes of this study 

can be extended to other Banksia restoration systems (i.e., post-fire restoration or urban 

development offsets), hypothesizing that community reassembly resulting in similar vegetation 

structures (regardless of disturbance type) will produce similar canopy flow patterns. In the case 

of natural disturbances, such as fire, where vegetation remains, and rapidly re-establishes, onsite 

following disturbance (Tangney et al., 2022), we hypothesize that wind profiles will reflect the 

canopy structure and diverge from pre-disturbance conditions less than systems (such as post-

mine restoration) that remove all vegetation from the site.  

At a global scale, continuing to extend this work across systems and disturbances will provide the 

empirical groundwork for a unified theory explaining canopy flow patterns in restoration 

systems. We hypothesize that systems with similar canopy structures will exhibit similar canopy 
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flow patterns, and that post-disturbance profiles will display a logical step wise progression from 

open landscape conditions to the mature, undisturbed profile as they are restored over time. 

Increasing the scope and scale of this initial study will provide an opportunity to evaluate a 

candidate set of models (Poggi et al., 2004b, Harman & Finnigan, 2007, Brunet, 2020) against 

empirical observations for various stages of restoration, to determine if the established models 

are sufficient to describe post-disturbance systems, or if further work is required to account for 

the complex and heterogeneous landscapes.  

Moreover, viewing canopy flow dynamics in the context of modified and post-disturbance 

systems places emphasis on truly unpacking the mechanisms driving flow through sparse, open 

systems, as well as systems in flux, as succession or active restoration efforts drive continual 

changes to the canopy architecture. While literature is well established for flow in old-growth, 

stable, dense vegetation canopies (Raupach et al., 1996, Brunet, 2020), unified theory for sparse 

systems is less defined (Brunet, 2020). This presents a critical literature gap, as many post-

disturbance systems transition from bare, flat ground devoid of vegetation, through a series of 

intermediate alternate states, to eventually reach the desired ‘restored’ state often 

characterized by significant increases in canopy density and structural complexity. Where 

historically, canopy flow studies could selectively choose canopies that were sufficiently dense, 

application of the theory to ecological restoration fundamentally requires that we understand 

the mechanisms operating at the lower end of the canopy density spectrum. Therefore, to fully 

apply canopy flow dynamics in ecological restoration, the theory will need to expand to more 
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comprehensively understand 1) where Brunet’s (2020) canopy density threshold marking the 

lower limit of the application of mixing layer dynamics exists, 2) how various disturbance and 

restoration regimes align with that threshold, and 3) how canopy flow dynamics transition from 

boundary layer dynamics to mixing layer dynamics as sites shift across this threshold with 

increasing restoration age and canopy density. The case study presented here begins that work, 

mapping the evolution of canopy flow dynamics in post-mine restoration from the high 

magnitude, logarithmic wind profile of the early-stage restoration bare open sand plains (Year 0 

and Year 2), across Brunet’s (2020) threshold of canopy density, to the attenuated subcanopy 

flow pattern identified for late-stage post-mine Banksia restoration (Year 20). As one of the first 

studies investigating near-ground wind speed profiles in restoration, this study, while small in 

scale, serves as a starting point for future work unpacking the role of wind as an abiotic factor in 

restoration.  

 

4.4.5 Wind as an Ecological Factor in Restoration, Practitioner Applications 

Wind is closely coupled with microclimate (Pereira & Shaw, 1980, Bohm et al., 2013) and plant 

physiology (Ennos, 1997, Read & Stokes, 2006, de Langre, 2008, Gardiner et al., 2016). With the 

ability to impact so many aspects of the ecosystem, near-ground wind conditions likely play a key 

role in seedling establishment. Particularly within modified and post-disturbance systems, the 

loss of vegetation structure increases seedling exposure to high magnitude wind speeds, and 

consequentially, more extreme microclimate conditions and abiotic stress levels than sheltered 
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counterparts emerging on undisturbed sites (Ehleringer & Sandquist, 2006, Miller et al., 2017). 

Given this dynamic, the divergently high wind speed conditions seen on early-stage restoration 

sites is a cause for concern and may be a limiting factor for re-establishing vegetation.  

Moreover, there is potential for the influence of wind stress experienced during early-stage 

restoration to trigger long-term response, as near-ground wind profiles potentially influence 

seedling establishment and productivity of vegetation as restoration progresses. Particularly in 

heterogeneous systems (such as many post-disturbance sites), development of vegetation 

structure produces sheltered wake zones, in turn creating potential pockets within the site more 

conducive to seedling establishment. This feedback loop holds potential to alter traditional 

community assembly patterns, and in extreme cases drive sites to an alternative stable state, 

altering site dynamics well into the future.  

Banksia Woodlands are a fire-prone community (Cowling & Lamont, 1987, Hobbs & Atkins, 1990, 

He et al., 2016), and as such, are adapted to a certain level of periodic disturbance that may 

change local wind dynamics in a similar, if less severe, manner to what was exhibited across the 

restoration chronosequence in this study. While recruitment can occur in unburned conditions 

(Hobbs & Atkins, 1990), many keystone species, including the dominant Banksia spp., are 

serotinous, and therefore seeds are released, and seedlings often emerge, in post-fire conditions 

(Cowling & Lamont, 1987, Huss et al., 2018). Disturbance by fire shifts the seedling microclimate 

to a less densely vegetated, less sheltered alternate state compared to undisturbed counterparts; 

still, a significant amount of vegetation and roughness elements remain (Brundrett et al., 2018). 
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However, postmine restoration shifts seedling microclimates to a significantly more degraded 

state, as sites completely devoid of vegetation are left with limited capability to provide shelter 

to emerging seedlings. While further research is required, this initial work points to the possibility 

of wind stress, beyond what has been adapted to in post-fire systems, may be serving as an 

abiotic filter preventing seedling establishment and restoration success. 

Within the context of postmine Banksia Woodland restoration, both research and practice have 

struggled to overcome a barrier in early-stage restoration, with greenstock and seedlings often 

failing at the two-year mark (Rokich, 1999, Benigno, 2012, Benigno et al., 2014). The cause of this 

failure is not yet fully understood, with literature to-date attributing high mortality rates (> 90% 

after the second summer) to drought dynamics or belowground factors such as soil compaction 

(Rokich, 1999, Benigno, 2012, Benigno et al., 2014). This study dovetails into prior work 

highlighting a distinct barrier during early-stage restoration, as the 0- and 2-year sites exhibited 

a significantly higher near-ground wind speeds, leaving establishing vegetation more exposed to 

wind and any physiological stress that results from such exposure. The close association between 

the change in wind regimes observed in this study between the 2-year and 6-year mark, and the 

established second-summer bottleneck in Banksia woodland restoration chronosequences 

suggests that further investigation could provide valuable insight for management practice. If 

wind represents an ecological factor in restoration, then managing the wind dynamics may prove 

beneficial, particularly in early stages of restoration, potentially facilitating an acceleration of the 

natural reassembly of the vegetation structure and the natural wind dynamic.  
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4.4.7 Conclusions 

This study investigated wind regimes in postmine Banksia Woodland restoration, with the aim of 

mapping the decay and regeneration of near-ground wind profiles across a 20-year restoration 

chronosequence. The distinct divergence between the natural wind dynamics of the reference 

ecosystem and the restoration landscapes aged between zero and two years demonstrates two 

things: firstly, that the wind profile seen in undisturbed Banksia Woodlands can be naturally re-

instated during restoration, following a distinct trajectory across the post-mine restoration 

chronosequence. Secondly, however, our data indicate that it takes six years to re-establish, and 

that increased wind speed in the near-ground region during the first two years of restoration 

efforts are likely to influence microclimates and ecophysiological factors and may be acting as an 

abiotic filter constraining restoration progression. While this implies that managing the wind 

dynamics of early-stage restoration in Banksia woodlands may be highly beneficial in accelerating 

restoration succession, the premise clearly requires additional experimental testing. This study 

begins the process of developing a more comprehensive understanding of canopy flow dynamics 

in modified systems, to incorporate wind mitigation as a standardized practice in global 

restoration ecology.
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5 ECOPHYSIOLOGICAL IMPACTS OF VARYING WIND REGIMES ON THE GROWTH AND 
DEVELOPMENT OF BANKSIA ATTENUATA SEEDLINGS 

5.1 INTRODUCTION 

5.1.1 Wind as an Ecological and Physiological Driver 

Whether chronic or incidental, catastrophic, or low intensity, the influence of wind on vegetation 

has been well-established across species and biomes (Ennos, 1977, de Langre, 2008, Damschen 

et al., 2014, Gardiner et al., 2016). Wind regimes are closely linked to microclimate, with local 

changes in wind speed influencing temperature and humidity (Pereira & Shaw, 1980, Bohm et 

al., 2013). Ecosystems characterized by chronic wind exposure or catastrophic events can suffer 

from detrimental impacts of wind erosion (O’Connell, 2008, Damschen et al., 2014, Khalil & 

Raynie, 2015), desertification (Li et al., 2006, Gao-Lin et al., 2011, Yuan et al., 2012), and 

windthrow (de Langre, 2008, Damschen et al., 2014). Even at low intensities, persistent exposure 

to wind stress can reduce plant growth and vigor, and trigger phenotypic plasticity, acclimation, 

and adaptation for survival (Ennos, 1997, de Langre, 2008, Damschen et al., 2014, Gardiner et al., 

2016). The interlinked nature of wind’s impact on so many biotic and abiotic factors in native and 

modified systems underscores the need to better understand the mechanistic effect of changing 

wind regimes on vegetation.  

For many, considering the impact of wind on vegetation conjures images of krummholz or 

elfinwood plants; a gnarled and stunted growth form found in upper montane forests or coastal 

regions exposed to extreme wind regimes (Holtmeier, 1981, Ennos, 1997, Barrick, 2003, Rojas, 
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2020). Vegetation in chronically windy environments often exhibits morphological plasticity, 

reconfiguring to become highly streamlined or flagged by orienting branches and leaves leeward, 

with branches on the windward side stunted or senesced (Vogel, 1989, Rojas, 2020, Jiang et al., 

2021, Zhang et al., 2021). The dynamics of a plant’s biomechanical and morphological response 

to wind are intricately linked to a thigmomorphogenetic response: the influence of mechanical 

stimuli on plant growth and development (Jaffe, 1973, Telewski, 2006). Vegetation may also 

respond to the added mechanical and physiological stress of chronic wind exposure through the 

increased production of reaction wood (Ennos, 1997, Telewski, 2006, de Langre, 2008, Rojas, 

2020), decreasing leaf size (Martin & Clements, 1935, Grace & Russell, 1977, Niklas, 1996), and 

shoot extension (Whitehead, 1962, Russell & Grace, 1978, Lawton, 1982, Wilson, 1984),  or 

reducing apical growth in favor of radial growth (Bonnesouer et al., 2016, Kaspar et al., 2017). 

These morphological changes work to protect the plant against potential damage by decreasing 

wind loading and drag (Gosselin, 2019). 

The expected ecophysiological response to wind is also fairly logical, following a first-principles 

perspective based on the established relationships between wind, leaf boundary layer, and 

microclimate conditions (Figure 5.1). In still air (< 0.5 m s-1), a thick leaf boundary layer and high 

boundary layer resistance insulates the plant (Vogel, 2009, Kuo et al., 2011, Burgess et al., 2016, 

Zhang et al., 2021). Increased wind speeds (at low levels, <1.5 m s-1) can initially facilitate 

circulation and convective cooling (Grace, 1988, Kuo et al., 2011) while decreasing boundary layer 

thickness and boundary layer resistance; and as a result, generate a microclimate more 
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conducive to photosynthesis and transpiration (Vogel, 2009). Yet at higher wind speeds (> 1.5 m 

s-1) continued reduction of boundary layer thickness and decreased boundary layer resistance 

are likely to trigger stomatal closure to combat desiccation (Kuo et al., 2011, Zhang et al., 2021). 

Across species and biomes, wind has been established as an important ecological factor with the 

ability to influence plants in many ways. Moderate to high wind speeds can be highly detrimental 

to plant establishment, growth, and physiology (Figure 5.1; Retuero & Woodward, 2001, Read & 

Stokes, 2006, McArthur et al., 2010, Gardiner et al., 2016, Zhang et al., 2021), and have been 

observed in post-disturbance systems where practitioners have struggled to re-establish 

seedlings. The impact of wind in this context remains relatively unknown and is therefore 

important to consider as a relevant abiotic factor in restoration and conservation programs.  

 

5.1.2 Impact of Wind on Growth and Physiology of Banksia, A Keystone Species 

Restoration programs have increasingly explored mechanistic relationships between plants and 

the modified, often harsh physical environments that occur across a restoration chronosequence, 

generally focusing on the effects of changed water availability, temperature, and solar irradiance 

(Miller et al., 2017). While there is an established literature pool examining the impact of wind 

on growth and physiology (Grace, 1988, de Langre, 2008, Gardiner et al., 2016), we have not seen 

these insights translated into the restoration discipline, with publications addressing wind in the 

context of restoration occurring only rarely. Despite this fact, information on the impacts of wind 

on a system’s ecology, and on the growth and physiology of plants being used for restoration 
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Figure 5.1: Wind impacts plant physiology by altering the leaf boundary layer, microclimate, and plant morphology. Still air (e.g., < 0.5 m s-1) generates a thick 
leaf boundary layer, with high relative humidity, high leaf temperatures, and a high boundary layer resistance. Exposure to low wind speeds (e.g., < 1.5 m s-1) 
reduces leaf boundary layer thickness and boundary layer resistance, provides for an influx of CO2 near the leaf, and decreases leaf temperature through convective 
cooling; as a result, facilitating increased photosynthesis and transpiration. However, exposure to moderate to high wind speeds (e.g., > 1.5 m s -1) can be 
detrimental to plant growth, decreasing effective leaf area through morphological reconfiguration, damage from abrasion, and triggering stomatal closure to 
reduce water loss. Catastrophic wind speeds (e.g., > 17 m s-1) can result in defoliation and stem breakage, windthrow and uprooting, and canopy gap formation. 
Photographic insets depict Banksia attenuata seedlings from this study grown in low wind speeds (Wind Treatment 6: 1.35 ± 0.24 m s-1, left inset) and high wind 
speeds (Wind Treatment 1: 5.94 ± 1.66 m s-1, right inset), included here as representative samples of the morphological changes caused by wind exposure. Figure 
created with BioRender.com.  
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holds significant potential to influence site recovery, as many of these efforts occur in windy 

environments. Although extreme wind regimes will probably affect all species in a community, 

effects on the keystone species of the community are most likely to result in cascading effects, 

as these species contribute most strongly to the structure of the resulting landscape (Sole & 

Montoya, 2001, Sun et al., 2020). Therefore, where chronic wind regimes might cause 

morphometric changes to the keystone species, the structure of the resulting landscape is likely 

to impose chronic pressure on all the other species in the community as well. 

Banksia Woodlands, discussed in greater detail in Chapter 4, are a community of particular 

conservation and restoration importance in southwest Australia (Commonwealth of Australia, 

2016, Department of the Environment & Energy, 2017c, Stanbury et al., 2018, Fernandes et al., 

2019), and are now classified as an “Endangered Ecological Community” under the Environmental 

Protection and Biodiversity Conservation (EPBC) Act (Hopper & Gioia, 2004, Stanbury et al., 2018). 

Under significant threat from the development of urban centers, resource extraction, 

Phytophthora cinnamomi invasion, and changing fire regimes (Lamont et al., 2007, Benigno, 

2012, Cardillo & Skeels, 2016, Rokich, 2016), less than 15% of the historic range of Banksia 

Woodlands in the Southwest Australian Floristic Region (SWAFR) remain (Commonwealth of 

Australia, 2016, Stevens et al., 2016, Stanbury et al., 2018). Restoration efforts face significant 

challenges from high seedling mortality rates (Rokich et al., 2001, Benigno, 2012, Benigno et al., 

2013, Stevens et al., 2016), with best practice in the restoration of these species continuing to 

evolve.  
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Understanding the influence of wind on the physiology of Banksia attenuata seedlings may help 

unlock mechanistic drivers of wind as a limiting abiotic factor in restoration. The impact of wind 

on the physiology of Banksia individuals remains fairly unexplored. Published research has 

primarily focused on wind dispersal of seeds (Abbott, 1985, Lamont, 1993, Ord, 2007, Krauss et 

al., 2009, Rokich, 2016), with limited research addressing the impact of wind on nectar 

productivity (McFarland, 1985, Lloyd et al., 2002), canopy storage capacity (Fan et al., 2014), and 

ecophysiological factors (Barrick, 2003, Groom et al., 2004, Carpenter et al., 2014). Banksia sp. 

exhibit a wide range of responsiveness to abiotic stressors (such as drought; Bader et al., 2014, 

Benigno et al., 2014, Holloway-Phillips et al., 2015), which may indicate a similarly complex 

response to wind stress. Moreover, while the ecophysiological response of plants to wind has 

been discussed by several authors in literature (de Langre, 2008, Gardiner et al., 2016); the 

literature focused on seedling response is remains limited, with isolated studies on wind loading 

and mechanical properties (Dean, 1991, Berthier & Stokes, 2005, Zhang et al., 2021, Lee et al., 

2019), sandblasting and burial (Armbrust & Paulsen, 1973, Li et al., 2010, Stubbendieck et al., 

2019), and ecophysiological factors (Heiligmann & Scheider, 1974, Gomes & Kolowski, 1989, 

McArthur et al., 2010, Kuo et al., 2011). Given the prevalence of seeding and greenstock use in 

early-stage ecological restoration, and the tendency for sites to face critical barriers or fail at an 

early stage, there is a need for additional research investigating the dynamics of seedling specific 

response.  
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5.1.3 Applications to Restoration Ecology and Management Practice 

Exploration of near-ground wind regimes have identified gradients of mean wind speeds that 

correlate with variations in structural complexity of different Australian vegetation communities 

(Chapter 3), and of different successional ages (Chapter 4). A key result was the identification of 

divergent high-magnitude near-ground wind speeds in early-stage (0-2 years) restoration 

(Chapter 4), which coincided with a known seedling failure point (> 90% seedling mortality after 

the second summer) established in the literature (Rokich, 1999, Benigno, 2012, Benigno et al., 

2013).  

To further explore the dynamics of wind as an ecological factor in restoration, the Chapter 5 study 

investigated the impact of chronic wind exposure on the growth and physiology of Banksia 

attenuata seedlings. We hypothesized that increasing wind speed from relatively low wind speed 

(e.g., < 0.5 m s-1) to relatively high wind speed (e.g., > 6 m s-1) would decrease photosynthesis, 

transpiration, and stomatal conductance, as wind-driven decreases in boundary layer thickness 

and boundary layer resistance triggered stomatal closure to prevent desiccation. We then 

hypothesized that increasing wind speeds would result in seedlings with decreased biomass due 

to reduced productivity and reconfiguration. To test these hypotheses, Banksia attenuata 

seedlings were grown in semi-enclosed wind tunnels, where they were exposed to a range of 

experimentally controlled wind conditions and monitored to evaluate the impact of chronic wind 

exposure on the biomass accumulation and ecophysiological factors during the first ten months 

after seeding. 
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5.2 METHODS 

5.2.1 Experimental Site and Wind Tunnel Design 

The impact of wind on the growth and physiology of Banksia attenuata seedlings was 

investigated through a field trial at the Shenton Park Field Station (31.9577°S, 115.8238°E) of The 

University of Western Australia. Much of the Shenton Park Field Station supports remnant 

Banksia Woodlands, providing a suitable controlled environment for evaluating growth and 

establishment of Banksia attenuata seedlings. 

 Wind tunnels are widely used in plant physiology research (Caldwell, 1970, Cattafesta et al., 

2010, Zhdanov et al., 2021). For this study, open-circuit, semi-enclosed wind tunnels (Figure 5.2) 

were constructed on site, with tunnel walls made of clear acrylic panels (1 mm thick) that 

extended 50 cm below the surface, and 1 m above the surface, supported with steel garden 

stakes, and a test section 20 cm wide, 1 m tall, and 2.5 m long. The open-circuit wind tunnel 

model drew in ambient air at one end, passing through the fan and across the test plots, to 

release flow back to ambient at the outlet (Cattafesta et al., 2010). To prevent overheating, 

minimize root restriction, and provide for adequate drainage, the top of the wind tunnel test 

section was left open to the atmosphere, with the bottom of the tunnel left open to soil below. 

Flow in the tunnels was driven by Dynabreeze 200mm Yellow Extraction Fans FA-23259 (2800 

rpm, 180 w motor, air delivery of 25 m3 min-1). To generate a wide range of wind speed 

treatments, one tunnel from each replicate block was powered by a single fan, while one tunnel 

from each replicate block was powered by two fans, with flow merged upwind of the test section.  
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Figure 5.2: Schematic of the in-situ open-circuit, semi-enclosed wind tunnel design, showing an elevation view (a) 
and a plan view (b). The plan view additionally highlights replicate design (block structure), placement of treatment 
plots within the wind tunnels relative to the fans (green grids), and relative location of each wind treatment level 
(Wind Treatment 1-6, i.-vi. respectively). 
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5.2.2 Specimen Preparation  

Seeds were collected from remnant populations of Bankia attenuata north of Perth, Western 

Australia (-31.393740° S, 115.931726° E), and stored at 15°C and 15% relative humidity in the 

Kings Park restoration seed bank. Background seed viability was assessed through X-ray 

examination of seed fill (Faxitron MX-20 digital X-ray cabinet, Tucson, Arizona, USA) following 

Erickson and Merritt (2016), indicating 95% viability in the population. Therefore, no additional 

cleaning of the seed samples was undertaken.  

Treatment plots were set across a gradient of windspeeds generated by increased distance 

downwind of the fans (5-35 cm, 45-75cm, 150-180cm along each transect). Plots were seeded 

June 1, 2015, with seeds placed by hand and lightly covered with soil. An equal number of seeds 

from each source were randomly sown across the study. Emergence counts were taken two 

weeks following seeding (June 13-14, 2015), with an average of 68.9 % emergence. 

While the growth tunnels were open to the atmosphere and therefore exposed to ambient 

precipitation, drip irrigation lines were also run along the centerline of all tunnels, and all plots 

were irrigated for ten minutes each morning to deliver supplemental irrigation throughout the 

experimental period. Plots were hand weeded regularly throughout the study, removing all 

vegetation except test specimens. Fans were turned on at 60 days since seeding (August 1, 2015) 

and remained on continuously for the remainder of the experiment (from 60 to 280 days since 

seeding). A constant wind speed was selected to establish a minimal, simplistic experimental 
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design, although future work should explore exposure to artificial wind regimes which mimic 

natural diurnal patterns.   

 

5.2.3 Wind Speed Monitoring 

Wind speeds were monitored using a handheld propeller anemometer, the PASPort PS-2174 

Weather/Anemometer Sensor (PASCO, Roseville CA). The anemometer’s propeller was oriented 

perpendicular to the wind to maintain measurement of streamwise velocity, u, minimizing error 

due to the directional sensitivity of the device. The sensors were calibrated in a large-scale wind 

tunnel (Structures Engineering Lab, The University of Western Australia, Perth, Western 

Australia) against known wind velocities ranging from 0.3 to 10 m s-1. On site, wind speeds were 

recorded at a height, z, of 5 cm above the surface, with the anemometer positioned in the centre 

of each treatment plot. A sampling frequency of 5 Hz was applied, with the mean wind speed 

across two minutes of observations used in analysis.  

A gradient of wind speed treatments was established by varying distance from the fans. 

Monitoring throughout the experiment indicated that, while some variation in wind speed did 

occur due to the open-tunnel configuration and local weather conditions, mean wind speeds 

remained relatively constant across the experimental plots (Figure 5.3). Study-wide mean wind 

speeds (Table 5.1) ranged from 5.94 ± 1.66 m s-1 in the highest wind speed plots, to 1.35 ± 0.24 

m s-1 in the lowest wind speed plots. Mean wind speed varied significantly with treatment group 

(F2,8 = 44, MSE = 17, p << 0.001), with no significant difference detected between measurement 
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timepoints (F4,20 = 1.37, MSE = 0.526, p = 0.278), indicating consistent wind speeds across the 

experimental timeline, with no significant compounding effect of days since seeding. Therefore, 

while the open wind tunnel design did provide opportunity for spatial variability within the wind 

tunnel driven by ambient weather conditions, the significant difference identified between wind 

speed treatment indicates that the variation in wind speed between treatment outweighs 

smaller fluctuations due to local weather patterns. While some decrease in wind speed could be 

observed with increased days since seeding, likely due to the establishment of vegetation 

increasing drag within the wind tunnel, no significant effect was detected between wind speed 

and days since seeding, indicating that wind flow within the tunnel was not significantly impacted 

by seedling establishment during the study. For the remainder of the analysis, results were 

grouped by wind speed treatment.  

 

5.2.4 Above-Ground Biomass Accumulation 

Above-ground biomass is a measure of all biomass, leaves, stems, stumps, branches, bark, seeds, 

and foliage, above the surface of the soil, that serves as a key indicator of biological carbon 

storage (Ravindranath & Ostwald, 2008). In this study, above-ground biomass was monitored 

through periodic destructive harvests at 61, 183, 238, and 280 days since seeding (approximately 

two-, six-, eight-, and ten-months following seeding). Five randomly selected individuals from 

each treatment plot were selected for harvest at each timepoint. At harvest, stems were clipped  
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Figure 5.3: Mean wind speeds within each wind treatment plot throughout the experiment, showing a consistent 
gradient of decreasing wind speeds from Wind Treatment 1 (highest wind speed) to Wind Treatment 6 (lowest wind 
speed). 

TABLE 5.1: Wind speed treatments, established by 
germinating seedlings at increasing distances from the 
wind source within a wind tunnel. Wind speeds are 
presented as the study-wide mean ± standard error.  
Wind Treatment Study-wide mean wind speed (m s-1) 

1 5.94 ± 1.66 
2 4.61 ± 0.26 
3 3.44 ± 0.19 
4 2.30 ± 0.22 
5 1.36 ± 0.12 
6 1.35 ± 0.24 
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at the base, shoot material was rinsed to remove any soil particulates, then oven dried at 75°C 

for 72 hours prior to being weighed using a five-point balance (PB403-S/FACT). 

 

5.2.5 Ecophysiological Monitoring 

Non-destructive ecophysiological measurements were taken periodically, from 140 days since 

seeding to 203 days since seeding, using a Li-Cor 6400 gas-exchange analyzer (LI-COR, Inc. Lincoln, 

NE, USA), which utilizes an open system air stream through the measurement chamber. 

Monitoring with the Li-Cor focused on photosynthesis, A, stomatal conductance, gs, and 

transpiration, E, with simultaneous measurements of air temperature, Tair, leaf temperature Tleaf, 

and vapor pressure deficit, vpd, also included in the analysis. Within each treatment plot, two 

randomly selected individuals were monitored, including two replicate leaf samples per plant, 

and five technical replicates per leaf. Blank values were recorded immediately prior to 

experimental observations for each plant and used to calibrate the output. 

Leaf areas for the study were calculated by processing in situ photos of the Banksia attenuata 

leaves in the Li-Cor chamber using ImageJ (Schneider et al., 2012) following the protocol 

described in Glozer (2008). Due to experimental constraints, we applied the average leaf area of 

three representative Banksia leaves (1.63 ± 0.13 cm2) to calculate ecophysiological 

measurements across the study.  
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5.2.7 Data Analysis 

The data were analyzed using R 3.5.2 software (R Core Team, 2017), and GraphPad Prism 9.1.2 

software (GraphPad Software, San Diego, California USA), and are presented as the study-wide 

means ± standard error. A between-subjects ANOVA was conducted to compare mean wind 

speeds within each treatment plot. The above-ground biomass accumulation and the 

ecophysiological datasets were analyzed with a linear mixed effects model, using the ‘lme4’ 

(Bates et al., 2014), ‘car’ (Fox et al., 2007), and ‘sjPlot’ (Ludecke, 2019) packages. A set of 

candidate models were evaluated which incorporated fixed effects of wind treatment group and 

days since seeding, random effects of plot ID, plant ID, and leaf ID, as well as an interaction factor 

to evaluate variability drawn from pseudoreplication. Model selection was based on evaluation 

of the Akaike Information Criterion (AIC; Burnham & Anderson, 2002), marginal R2 (R2
m), which 

considers variance of fixed effects, and conditional R2 (R2
c) which considers variance of both fixed 

and random effects in the model (Nakagawa & Schielzeth, 2013), with the most suitable model 

evaluated with a between-subjects.  

5.3 RESULTS 

5.3.1 Above-Ground Biomass Accumulation  

Wind treatments, initiated at the two-month timepoint, generated significant variation in growth 

and morphology of Banksia attenuata seedlings during the first ten months of establishment. 

Within one week of wind exposure, many of the seedlings in the high-speed plots (Treatment 1 
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& Treatment 2) were suffering from severe wind scouring. By the conclusion of the experiment, 

morphological variation between treatment plots became visibly apparent. 

Above-ground biomass increased for all wind treatments over time (Figure 5.4). While baseline 

above-ground biomass clustered tightly across all treatment plots prior to wind exposure at the 

61-day harvest (0.116 ± 0.027 g), following wind exposure, seedlings in the lowest wind speed 

treatment plots (Wind Treatment 5 & 6) exhibited the greatest above-ground biomass 

accumulation at the 280-day harvest (1.900 ± 0.317 g and 1.897 ± 0.266 g respectively). Seedlings 

in the highest wind speed treatment plots (Wind Treatment 1) exhibited a relatively decreased 

above-ground biomass accumulation (0.969 ± 0.151 g; approximately half that in the low-speed 

treatments, coupled with considerable reconfiguration and deformation of the plant structure. 

Within each post-treatment harvest (183-day harvest, 238-day harvest, and 280-day harvest), 

increasing mean wind speed decreased above-ground biomass (Figure 5.5). A significant effect 

on above-ground biomass was exhibited for days since seeding (F1,196 = 155.306, p < 0.0001), and 

wind (F5,196 = 7.067, p < 0.0001). No significant two-way interaction was detected between wind 

treatment and days since seeding F5,196 = 2.790, p = 0.0185 (Figure 5.3, Figure 5.4).  

 

5.3.2 Ecophysiological Monitoring 

Across the study, photosynthesis decreased significantly as a function of days since seeding from 

a study wide mean of 38.8 ± 1.5 μmol CO2 m-2 s-1 at 140 days since seeding to 10.1 ± 0.7 μmol 

CO2 m-2 s-1 at 203 days since seeding (p < 0.001) yet did not significantly differ as a function of  
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Figure 5.4: Increasing wind speed resulted in a substantial impact on biomass and morphology of the seedlings. While 
only observed casually, morphological effects are clear, and shown here with representative photos of seedlings from 
Wind Treatment 1 (highest wind speed) plots a), and from Wind Treatment 6 (lowest wind speed) plots b). Above-
ground biomass in Banksia attenuata seedlings as a function of days since seeding for each wind speed treatment 
group c) where the Wind Treatment groups are separated by vertical lines, with the highest wind speed, Wind 
Treatment 1, on the far left, and the lowest wind speed, Wind Treatment 6, on the far right. Results of the above-
ground biomass accumulation analysis showing a clear reduction in growth in the high speed (Wind Treatment 1) 
plots relative to the low speed (Wind Treatment 6) plots. 
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Figure 5.5 Above-ground biomass as a function of wind speed at each harvest: 183 days since seeding harvest (a), 238 days since seeding harvest (b), and 280 

days since seeding harvest (c), showing a decrease in above-ground biomass with increasing wind speed at each harvest timepoint. 
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wind treatment (p = 0.145). The analysis of the two-way interaction also returned a non-

significant effect between wind treatment and days since seeding (p = 0.151) (Figure 5.6.a). 

Similarly, stomatal conductance decreased significantly as a function of days since seeding, from 

a study-wide mean of 0.414 ± 0.047 mol H2O m-2 s-1 at 140 days since seeding to 0.0434 ± 0.0146 

mol H2O m-2 s-1 at 203 days since seeding (p < 0.0001) yet did not significantly differ as a function 

of wind treatment (p = 0.397). No significant two-way interaction was detected between wind 

treatment and days since seeding (p = 0.198) (Figure 5.6.b). Lastly, transpiration decreased 

significantly as a function of days since seeding, from a study-wide mean of 6.05 ± 0.59 mmol 

H2O m-2 s-1 at 140 days since seeding to 1.20 ± 0.21 mmol H2O m-2 s-1 at 203 days since seeding 

(p < 0.0001), with no significant effect of wind treatment (p = 0.092) or two-way interaction 

detected between wind treatment and days since seeding (p = 0.071) (Figure 5.6.c).  

Analysis of microclimatic factors indicated a strong association between days since seeding and 

air temperature r(1158) = 0.718, p << 0.0001, vapor pressure deficit r(1158) = 0.764, p << 0.0001, 

and leaf temperature r(1158) = 0.733, p << 0.0001, depicting a clear seasonal microclimatic 

pattern (Figure 5.7). As air temperature, vapor pressure deficit, and leaf temperature all 

increased, photosynthesis, stomatal conductance, and transpiration all decreased. A mixed 

effects model incorporating an interaction term to account for pseudoreplication indicated 

strong associations between microclimatic factors and photosynthesis (R2
m = 0.478; R2

c = 0.993), 

stomatal conductance (R2
m = 0.416; R2

c = 0.997), and transpiration (R2
m = 0.386; R2

c = 0.994) 

respectively.  
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Figure 5.6: Ecophysiological factors as a function of days since seeding, grouped by wind treatment. Results 
indicate a seasonal decrease in photosynthesis (a), stomatal conductance (b), and transpiration (c), yet no clear 
impact of wind treatment group. 
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Figure 5.7: Variations in ecophysiological measures are more likely driven by seasonal patterns in microclimate conditions. Plots of photosynthesis (a-c), stomatal 
conductance (d-f), and transpiration (g-i) each as a function of vapor pressure deficit (a, d, g), air temperature (b, e, h), and leaf temperature (e, f, i), coloured by 
days since seeding depict a clear seasonal pattern. 
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5.4 DISCUSSION 

This study investigated the impact of wind on the growth and physiology of Banksia attenuata 

seedlings during the first ten months following seeding, focusing on above-ground biomass 

accumulation, as well as ecophysiological factors of photosynthesis, stomatal conductance, and 

transpiration. Exposure to high-speed wind regimes impacted growth and morphology of Banksia 

seedlings, with significant reductions of above-ground biomass accumulation seen in high-speed 

treatment plots (Wind Treatment 1) as compared to the low-speed plots (Wind Treatment 6). 

While we had originally hypothesized these differences in growth may be driven by variation in 

physiological performance, results of this initial study do not support this contention, at least 

insofar as photosynthesis, stomatal conductance, and transpiration are concerned. Further study 

is required to explore the impact of wind on ecophysiological factors in Banksia attenuata, 

identify survivability thresholds, and uncover other potential mechanistic links. 

 

5.4.1 Impact of Wind on Seedling Growth and Morphology 

Increased wind stress is detrimental to plant growth across a range of species and biomes (de 

Langre, 2008, Gardiner et al., 2016), a result confirmed in this study, as increasing wind exposure 

from approximately 1.3 m s-1 to approximately 6.0 m s-1 resulted in a 51% decrease in mean 

above-ground biomass accumulation during the first ten months following seeding.  
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The detrimental impact of exposure to chronic high wind speeds was underscored by casual 

observation of morphological differences (Figure 5.4.a,b), particularly in high-speed plots, with 

seedlings acquiring a distinct streamlined, or flagged form, with shoot and leaf material orienting 

in the leeward direction, often curled and deformed. Leaves and shoots were brittle to the touch, 

with a distinct yellow discoloration in moderate and high wind speed plots. Plants are known to 

utilize morphological plasticity to adapt to windy environments, where reconfiguration (changes 

to a plant shape due to wind exposure) allows plants to reduce frontal area and decrease drag to 

become more aerodynamically shaped (Vogel, 1996, Gosselin, 2019). This reconfiguration can 

occur across scales – at a leaf scale, broad leaves curl to form cylinders or cones, decreasing drag 

and reducing opportunity for tearing, waxy cuticle loss, and abrasion (Hadley & Smith, 1989, 

Vogel, 1989, Schouveiler & Boudaoud, 2006, Maher et al., 2019), while at a canopy scale, a 

windswept or flagged crown can decrease probability of windthrow, reducing wind loading and 

altering flow patterns at the canopy edge (Telewski & Jaffe, 1986a). In extreme cases, a plant may 

utilize wind-induced pruning to reduce drag and wind loading by shedding leaves or branches 

(Lopez et al., 2014), which may influence biomass-based growth measurements by confounding 

limited growth with lost plant material. Future study should be aimed at expanding investigation 

of morphological features, particularly patterns of reconfiguration, as this may serve as a 

mechanistic driver for ecophysiological response. While the morphological observations in this 

study were strictly anecdotal, patterns of reconfiguration in Banksia attenuata seedlings seen 

here are in line with prior literature, and certainly warrant further research. Wind stress during 

the juvenile phase, even if brief or intermittent, may carry long term implications. Banksia spp. 
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are vulnerable to disturbance due to an extended juvenile life-phase (Holloway-Phillips et al., 

2015), and stress at this crucial timepoint may drive down already low establishment rates 

(Holloway-Phillips et al., 2015, Rokich, 2016). If a wind-driven reconfiguration at a seedling stage 

develops into a krummholz or elfinwood mature form, the shift to a low-lying vegetation 

structure may in turn alter canopy flow patterns (as described in earlier chapters) and perennially 

influence microclimate conditions at a community or landscape scale (Sheehy et al., 1977, 

Guimaraes-Steinicke, 2021). The stark difference in biomass accumulation and morphological 

observations between high- and low-speed wind treatment plots indicates a need to understand 

the potential impact of wind as an abiotic stressor, particularly within the restoration context 

where seedling establishment remains a challenge (Benigno, 2012, Benigno et al., 2013, Rokich, 

2016), and any long-term deleterious effects may cause lasting impediments to restoration 

success that could be costly to remediate.  

 

5.4.2 Impact of Wind Treatment and Environmental Factors on Seedling Physiology 

While wind treatment clearly influenced seedling growth and morphology, surprisingly, this study 

was unable to detect a globally significant effect of wind treatment on photosynthesis, stomatal 

conductance, and transpiration. Subsequent analyses indicate that variation in ecophysiological 

factors were more likely driven by seasonal variation in microclimate factors. The open-circuit, 

semi-enclosed design of the wind tunnel, while necessary to facilitate seedling access to the soil, 

moisture reserves, and microclimate conditions typical of Banksia Woodland systems, also 
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allowed ambient weather conditions to influence wind conditions within the experimental 

tunnels. This likely influenced spatial uniformity and temporal consistency of wind patterns 

within the wind tunnel. While statistical analysis indicated that wind speed remained consistent 

across the study and therefore the limitation due to variable ambient weather conditions was 

minimal, repeated study in a facility with greater wind regime control will allow for a more robust 

analysis. We recommend future work incorporate the ability to map wind flow patterns at scales 

immediately surrounding the plant/leaf, across the treatment plot, and throughout the wind 

tunnel, using imaging technology such as particle image velocimetry to produce a high resolution, 

robust evaluation of wind flow. Ambient weather conditions also influenced critical microclimate 

factors. Earlier in the trial, seedlings were exposed to lower vapor pressure deficits, more 

conducive to photosynthetic activity (Grossiord et al., 2020); after which a distinct seasonal 

pattern emerged, as microclimate and ecophysiological factors exhibited strong associations with 

days since seeding (Figure 5.6). It is worth noting that according to historic records (Pearce RAAF 

weather station; Bureau of Meteorology, 2021) the ecophysiological monitoring period for the 

study was both unseasonably hot and dry (Figure 5.78), which likely enhanced the seasonal 

microclimate effects. While not monitored in this preliminary investigation, advective effects also 

may have influenced moisture stress, due to the fixed positioning of treatment plots relative to 

each other and to the wind tunnel fans. Treatment plots located at a greater distance from the 

fan will experience lower evaporative demand (Kaimal & Finnigan, 1994). It will be important that 

future research strategically increase control of microclimate conditions to successfully isolate 

relative effects of wind speed, microclimate conditions, and ecophysiological factors.
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Figure 5.8: Long-term data for regional microclimate factors of mean rainfall (a) and mean maximum temperature 
(b), adapted using Bureau of Meteorology (2021) data from the Pearce RAAF weather station (Jan 2015-May 2016), 
to compare monthly means for the year of the study (2015-2016; solid line), to the long-term average (1937 to 2021 
for rainfall, 1940 to 2021 for mean maximum temperature; dashed line). Specimens were seeded in June 2015, with 
final harvest at 280 days since seeding (light grey background), and ecophysiological factors monitored in October-
November 2015 (dark grey background), during which time local conditions were hotter and dryer than the long-
term average. This may have contributed to the seasonal effect identified in the study. 
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Our unexpected results may also be due to the impact of soil moisture as a confounding 

factor, as wind regimes are known to influence soil moisture, and in turn influence plant-

water relationships and ecophysiological factors. Exposure to increased wind speed has been 

shown to accelerate soil evaporation rates (Davarzani et al., 2014, Negyesi et al., 2021), When 

soil moisture is high, liquid-bridge bonding is well developed and capillary forces dominate, 

allowing for increased soil-water retention and soil strength (Bolte et al., 2011, Ujvari et al., 

2016). In fact, recent wind tunnel studies (Negyesi et al., 2021) indicate supplemental 

moisture offers substantial protection from wind erosion, with the equivalent of 5 mm rainfall 

providing 5 to 6 hrs of protection against wind erosion in wind velocities as high as 15.5 m s-1 

(except in sandy soils). Yet in moisture-limited regimes, the capillary-dominant regime 

transitions to an adsorbed form regime, increasing soil matric suction and decreasing plant 

available water (Seneviratne et al., 2010, Lu, 2016). Soil moisture dynamics serve as a central 

link to variables across the soil-plant-atmosphere continuum, coupling with wind regimes and 

environmental factors (Davarzani et al., 2014, Wang et al., 2019, Negyesi et al., 2021), while 

also directly regulating factors such as evapotranspiration, photosynthesis, stomatal function, 

and nutrient uptake (Seneviratne et al., 2010, Wang et al., 2019). Within the context of this 

study, there is a strong possibility that soil moisture became a confounding variable. While 

supplemental irrigation was applied to all treatment plots, the in-situ, semi-enclosed wind 

tunnel design allowed for variability due to ambient climate conditions, and there is a distinct 

possibility that a gradient of decreasing soil moisture developed with increased distance from 

the fans. Given that soil moisture measurements were not able to be included in this analysis, 

repeated experimentation is warranted to fully isolate variable effects.  
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5.4.3 The Absence of a Link 

The biological importance of wind as an abiotic stress for Banksia attenuata seedlings remains 

largely unknown. This study depicted clear differences in above-ground biomass 

accumulation yet was unable to identify a corresponding effect between wind treatment and 

ecophysiological factors. We acknowledge that components of the final study design may 

have confounded or obscured the results. The application of a study-wide mean leaf area to 

calculate the ecophysiological measurements may present a source of error. All 

ecophysiological monitoring was conducted once leaves were able to fully reach across the 

length of the Li-Cor chamber, therefore one dimension of leaf area is known (fixed at a length 

of 3 cm). Variations in leaf width and leaf area for Banksia attenuata seedlings of this age 

range have not been described extensively in the literature, and therefore the effect of 

applying a single leaf area, and the magnitude of the error introduced to the ecophysiological 

calculations is unknown.  

Another potential compounding factor may be the within study variability of morphology at 

a leaf scale, as measurements were taken from a random leaf, and varied positions along the 

leaf with each observation. Spatial variability of turgor pressure, stomatal density, and patchy 

stomatal behavior has been shown to influence photosynthetic productivity in several 

species, resulting in heterogeneous measurements of ecophysiological factors in different 

parts of the leaf (Bader et al., 2014, Matthews et al., 2017). Also of note, the sample plants 

experienced substantial morphological changes throughout the trial, and leaves curled, 

warped, and became very brittle. Many leaves showed patterns of yellowing, tearing or 

brown/black regions, often followed by leaf death and senescence. This is likely to have been 
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impacted the physiological productivity for those leaves. Often, it was also challenging or 

impossible to close the chamber around these altered leaves, which could have led to an 

unintentional skew toward ‘healthier’ leaves in the sample population and not fully captured 

the lower performing portion of the study. 

While the scope of the study did not accommodate monitoring diurnal patterns, temporal 

variations of ecophysiological factors are also important to consider. Due to the use of 

instantaneous measurements in this study, insights from continuous temporal gas exchange 

patterns may not have been captured. We may have missed immediate response patterns, as 

plants were exposed to wind for 80 days prior to the first reported ecophysiological 

measurements and may have acclimated to some degree during that time. There may have 

been a longer-term pattern of response to wind that was not captured as it occurred outside 

of our monitoring time, such as plants shutting down photosynthesis earlier each day. Diurnal 

variations in gas exchange are influenced by species and by plant-water status (Bader et al., 

2014, Matthews et al., 2017), and there is growing evidence that circadian regulation drives 

gas exchange in canopies (de Dios, 2017). In future research, pairing diurnal monitoring of 

ecophysiological factors in situ, with controlled studies in a wind tunnel will help calibrate the 

device for use in windy environments, evaluate impacts of the sensor chamber on local wind 

flow, and capture immediate ecophysiological responses across a range of highly controlled 

wind conditions.  

The closely intertwined nature of wind and microclimate presented a particular challenge for 

this study, as the semi-enclosed wind tunnel structure limited control of compounding 

environmental factors. As seen with air temperature, leaf temperature, and vapor pressure 
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deficit measurements in the study (Figure 5.6), there is potential for microclimate factors to 

drive ecophysiological response and mask wind speed effect. Although the study was 

conducted with a limited sample size and is not replicated over multiple years to account for 

interannual climatic variability, we do not feel that these could have contributed to masking 

an effect, given the strength of our signal to noise ratio. A repeated study at a larger scale, 

with a greater degree of environmental control and randomized blocking is expected to more 

effectively isolate interacting variables and overcome the limitations of this preliminary study 

to reveal potential mechanistic interactions.  

Nonetheless, the absence of a link between morphological change and physiological 

performance remains surprising. From a first principles perspective, it is logical to expect an 

effect of wind on ecophysiological measurements based on established relationships 

between wind, leaf boundary layer, and microclimate conditions (Figure 5.8). In relatively still 

air (< 0.5 m s-1) plants are insulated by a thick leaf boundary layer and high boundary layer 

resistance, both of which decrease with increasing wind speed (Vogel, 2009, Kuo et al., 2011, 

Garcia, 2015, Zhang et al., 2021). Still air conditions can occur in greenhouse or growth 

chamber environments (Bartzanas et al., 2004), yet are less common for the majority of in 

situ vegetation canopies, as convection cells can drive sub-canopy flow even when above-

canopy shear flow is minimized (Schilperoort et al., 2020). Increased circulation provides an 

influx of CO2 rich, low humidity air and decreases leaf temperature through convective cooling 

(Grace, 1988, Kuo et al., 2011). The decrease in boundary layer thickness and relative 

humidity in turn drives a decrease in boundary layer resistance. Therefore, exposure to low 

wind speeds (< 1.5 m s-1) provides a seedling microclimate more conducive to photosynthesis 



166 

 

and transpiration by increasing the diffusion gradient between the leaf and the atmosphere, 

increasing gas exchange (Vogel, 2009).  

However, when wind speeds increase further (> 1.5 m s-1), the mechanistic drivers of 

physiological performance become more complex (Kuo et al., 2011, Huang et al., 2015). 

Continued reduction of leaf boundary layer thickness, decreased boundary layer resistance, 

and mechanical stimuli are likely to drive stomatal closure and decreased stomatal 

conductance to prevent water loss and desiccation (Kuo et al., 2011, Zhang et al., 2021). 

Furthermore, moderate to high wind speeds trigger morphological reconfiguration, with 

plants reducing drag by orienting branches and leaves in a streamlined, leeward direction, 

clustering and curling the leaves to minimize area, and arranging above-ground material low 

to the ground (Barrick, 2003, Vogel, 2009, Anten et al., 2010, Jiang et al., 2021). While wind-

driven reconfiguration has been shown to minimize damage by abrasion, stem breakage, and 

stress from thigmomorphogenic response by reducing drag (Jaffe, 1973, Anten et al., 2010, 

Maher et al., 2019, Zhang et al., 2021), it can additionally result in a reduced net 

photosynthetic rate and growth patterns due to decreases in effective leaf area (Anten et al., 

2010, Yates et al., 2010, Jiang et al., 2021), and increase waxy cuticle loss (Hadley & Smith, 

1987, 1989, Maher et al., 2019). Increasing wind speed to catastrophic levels (> 17 m s-1, 

typical of strong storms, tornados, or hurricanes) can result in defoliation and stem breakage, 

as well as windthrow, uprooting, and canopy gap formation (de Langre, 2008, Damschen et 

al., 2014). This study focused specifically on the transition from low (~1 m s-1) to high (~6 m s-

1) wind speeds, excluding still air (< 0.5 m s-1) and catastrophic wind events (> 17 m s-1). Within 

this range, there should have been substantial changes to the leaf boundary layer, imposing 
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enough increased desiccation pressure to reduce photosynthetic activity and transpiration 

(Figure 5.8). In addition to the first-principles argument, there is established evidence in 

literature of a strong fluid-leaf coupling effect (Jiang et al., 2021) driving interactions between 

wind, plant morphology, and ecophysiological indicators (Vogel, 2009, Anten et al., 2010, 

McArthur et al., 2010), particularly at high wind speeds. A first-principles approach 

underscores the hypothesis that increasing wind speed should trigger a physiological 

response. Still, the literature indicates the mechanistic underpinning is complex, as prior 

studies report conflicting results (Grace, 1988, Kuo et al., 2011, Huang et al., 2015). The 

intertwined nature of the mechanistic drivers, and the adaptive trade-off of the 

phenotypically plastic response (Zhang et al., 2021), add additional layers of complexity to the 

discussion.  

Very little previous research has evaluated the impact of wind specific to the study species, 

Banksia attenuata. More broadly, Banksia sp. display a range of responsiveness to abiotic 

stress. While Banksia seedlings have been shown to be responsive to other abiotic stressors 

(such as drought) in prior research (Benigno, 2012, Benigno et al., 2014, Holloway-Phillips et 

al., 2015), mature Banksia individuals can also show minimal stress response for a time, 

followed by sudden response collapse, catastrophic xylem dysfunction, and plant death 

(Bader et al., 2014). There is evidence of potential intrafoliar turgor gradients in Banksia sp. 

as well, suggesting the possibility of varied response at a leaf or plant scale (Bader et al., 

2014). While we have identified a number of potential factors driving complexity in the wind-

physiology relationship, the logical disconnect between the biomass accumulation results and 

ecophysiological results in this study warrant further exploration, to uncover the underlying 
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mechanisms, and identify why such significant impacts on growth and morphology are not 

reflected in the ecophysiological monitoring.   

 

5.4.5 Conclusions 

This study investigated the impact of chronic wind exposure on the growth and physiology of 

Banksia attenuata during the first ten months after seeding. Increasing wind exposure 

resulted in distinct reductions of biomass accumulation and visible morphological changes. 

However, in this study, clear survivability thresholds and mechanistic drivers were not 

identified, as globally significant effects of wind treatment were not detected for 

ecophysiological response variables. Furthermore, we could not establish a mechanistic link 

between physiological performance and morphological disfigurement. Given the importance 

of early-stage establishment in restoration (particularly for keystone species such as Banksia), 

there remains a pressing need to further unpack the mechanism behind the variation in 

growth and morphology identified in this study.  
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6 GENERAL DISCUSSION 

This dissertation draws inspiration from the sheer sense of wonder sparked when watching 

leaves flutter in the wind, paired with a driving curiosity to unpack the underlying mechanisms 

of the fluid-plant relationship in order to improve best practice in restoration ecology. By 

investigating canopy flow in native Australian vegetation (Chapter 3) and post-mine restoration 

systems (Chapter 4) and monitoring the impact of wind on seedling growth and physiology 

(Chapter 5), this study begins to unpack the role of wind as an abiotic factor in arid and semi-arid 

ecosystems.  

 

6.1 Canopy Flow in Native and Modified Systems 

In Chapter 3, near-ground canopy flow patterns were monitored in several mature, native, 

undisturbed Australian vegetation communities, where increasing structural complexity across 

the spectrum of community types resulted in decreasing mean wind speeds in the near-ground 

region (z < 3m). Similarly, in a case study of post-mine restoration, increasing structural 

complexity across sites with increasing restoration age resulted in decreased near-ground mean 

wind speeds (Chapter 4), with early-stage (0-2 year) restoration sites exhibiting distinctly 

divergent increases in near-ground mean wind speeds when compared to a native reference.  

While canopy flow models for dense, closed, homogeneous forests are well established in the 

literature (Finnigan, 2000, Brunet, 2020), less is known about flow through open, sparse, or 
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heterogeneous systems (Staebler & Fitzjarrald, 2005, Brunet, 2020). Australian vegetation is 

particularly biodiverse and structurally complex (COAG Standing Council on Environment & 

Water, 2012), triggering the question – does sub-canopy flow in Australian vegetation fit the 

established model? As hypothesized, low-lying communities (Clay Plains Saltbush Shrublands and 

Sandplains Hummock Grasslands) mimicked the logarithmic model typical of open landscapes in 

empirical wind speed profiles (Eq 1.2; Figure 3.4.a) (Wilson, 1989, Nathan et al., 2011); while the 

dense, closed forest sites (Western Wet Sclerophyll Forests) resulted in a near-complete 

attenuation of sub-canopy flow in near-ground layers (Figure 3.4.a). The complex vegetation 

structure of the intermediate communities (Stony Mulga Woodlands and Shrublands, Western 

Temperate Shrubby Woodlands, and Banksia Woodlands) exhibited a marked progression of 

decreasing near-ground wind speed with increasing structural complexity, logically 

corresponding to increases in canopy frontal area and drag (Nepf, 1999, Finnigan, 2000, Sharma 

& Garcia-Mayoral, 2019, Brunet, 2020).  

Many of the native vegetation communities studied in Chapter 3 intersect with regions targeted 

for mining and energy development, underscoring the need to understand mechanisms of key 

ecophysiological factors such as wind. Within Western Australia alone, the distributions of the 

six communities included in this study overlay a large number of resource developments (Figure 

6.1; Department of Mines, Industry Regulation & Safety, 2018, Sargent, 2020). A range of unique 

near-ground wind regimes were identified in these vegetation communities, beginning the work 

to establish a collection of community-specific references for restoration, and develop accurate 
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models for sub-canopy flow across a wide array of ecological applications. Working across a 

restoration chronosequence in Banksia Woodlands (Chapter 4) demonstrated the value of these 

reference profiles, both as markers against which to quantify the degree of disturbance imposed, 

but also to assess trajectories and critical thresholds in ecological restoration. The importance of 

this work is underscored by the divergent, high-magnitude wind speeds observed on early-stage 

restoration sites (Chapter 4). With near-ground wind speed observations often exceeding 

thresholds of 5 m s-1 (Figure 4.6), newly establishing greenstock and seedlings are exposed to 

adverse microclimate conditions and increased wind stress (Ehleringer & Sandquist, 2006). 

Extending the research on Banksia Woodland restoration chronosequences (Chapter 4) to 

modified systems in other vegetation types and other disturbance systems will expand our 

understanding of wind as an abiotic factor in restoration and improve management practice in 

those key resource developments. Incorporating wind regime classification and mediation as a 

standard of practice in restoration is likely to improve outcomes, providing another ‘tool-in-the-

belt’ for practitioners across systems and biomes. 
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Figure 6.1: Many of the experimental communities studied here have distributions that overlay key mining and 
resource developments. The map indicates the extent of the Major Vegetation Group for each community, including 
Clay Plains Saltbush Shrublands (dark blue), Sandplain Hummock Grasslands (yellow), Stony Mulga Woodlands and 
Shrublands (red), Western Temperate Shrubby Woodlands (light blue), Banksia Woodlands (dark green), and Western 
Wet Sclerophyll Forests (light green), adapted from the National Vegetation Information System Fact Sheets 
(Department of the Environment and Energy, 2017a-f). The locations of field sites for this study are marked with the 
coloured circles. Current operating mines are marked with open circles, adapted from MINEDEX dataset (Department 
of Mines, Industry Regulation and Safety, 2018). The substantial overlap of resource developments with key 
vegetation communities underscores the need for a mechanistic approach to understanding ecosystem aerodynamics 
within these systems, in order to facilitate best practice management in restoration. 
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6.2 Impact of Wind on Banksia Seedlings 

The mechanistic underpinnings of wind as an ecophysiological factor deserve additional research, 

as past studies have identified clear effects of wind on individual aspects of growth, morphology, 

and mortality in specific species (Ennos, 1997, de Langre, 2008, Damschen et al., 2014, Gardiner 

et al., 2016), yet no overarching mechanistic theory has been established. This study explored 

the relationship between wind, growth, and physiology in Banksia attenuata, a keystone species 

(Commonwealth of Australia, 2016, Department of the Environment & Energy, 2017c, Stanbury 

et al., 2018), which faces a number of challenges to re-establishment (Rokich, 1999, Benigno, 

2012, Benigno et al., 2013). A controlled field trial (Chapter 5) assessed the impact of wind on 

biomass accumulation and ecophysiological factors for Banksia attenuata seedlings. Increases in 

wind speed significantly impacted seedling morphology and above-ground biomass accumulation 

(Figure 5.4, Figure 5.5), yet no discernible effect of wind on ecophysiological factors was detected 

(Figure 5.64), with variation aligning more closely to seasonal microclimate patterns (Figure 5.6-

5.7). 

While surprising, the absence of a link between seedling growth and ecophysiological factors 

raises critical questions. A first principles approach (Figure 5.1) indicates that increasing wind 

speed to moderate or high speeds (1.5 to 6 m s-1) reduces boundary layer thickness and boundary 

layer resistance (Niinemets & Valladares, 2004, Vogel, 2009, Anten et al., 2010, Kuo et al., 2011, 

Zhang et al., 2021), to the point of stomatal closure to prevent desiccation (Kuo et al., 2011, 

Zhang et al., 2021). Reconfiguration of the plant to reduce drag causes leaves to curl and cluster 
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(Barrick, 2003, Vogel, 2009, Anten et al., 2010, Jiang et al., 2021), reducing photosynthesis by 

decreasing effective leaf area (Anten et al., 2010, Yates et al., 2010, Jiang et al., 2021). Several 

studies have confirmed this first-principles relationship, observing detrimental impacts of 

increased wind speed on plant growth and morphology (Vogel, 2009, Anten et al., 2010, 

McArthur et al., 2010, Jiang et al., 2021), yet the relationship is acknowledged as a complex and 

unresolved one (Kuo et al., 2011, Zhang et al., 2021). Within this study, the morphological results 

are definitive – increasing wind speeds (from ~1.3 m s-1 in low-speed plots to ~6 m s-1 in high wind 

speed plots) significantly impacts seedling growth and morphology (51% decrease in above-

ground biomass accumulation in the first 10 months), yet the physiological effects remain 

unclear. Further exploration of the interaction between wind and ecophysiological factors is 

warranted to reconcile the absence of a link observed here and build out our understanding of 

the underlying mechanistic drivers.  

 

6.3 Cross Chapter Links  

Unpacking the role of wind as an abiotic factor in ecosystems holds potential to significantly 

advance restoration ecology. Establishing wind regime monitoring as a standard of practice adds 

an additional layer of information to the site profile. Approaching wind mitigation with a 

mechanistically informed approach will hone and improve the application of existing 

anthropogenic wind breaks (O’Connell, 2008, Yuan et al., 2012, David, 2013, Zhang et al., 2018), 
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and optimize microclimates in early-stage restoration to increase vegetation establishment 

(Periera & Shaw, 1980, Ennos, 1997, Bohm et al., 2013, Gardiner et al., 2016).  

Expanding the canopy flow work initiated in Chapters 3 and 4 will facilitate the development of 

robust sub-canopy flow models for complex, heterogeneous ecosystems, both pre- and post-

disturbance, and improve our understanding of how these wind regimes change over 

chronosequences of successional development and active restoration. Increasing the resolution 

of empirical monitoring in native systems will allow for comparison against an established 

candidate set of complex, higher-order models (Figure 6.2.a) Future work incorporating a greater 

monitoring resolution across the vertical gradient, and paired quantitative measurements of 

canopy structure, to be evaluated against current leading models, such as the Poggi et al., (2004b) 

and Harman and Finnigan (2007) approaches. Refining the relationship between structural 

complexity and sub-canopy flow is also expected to help unpack the evolution of wind profiles in 

response to complex changing vegetation structures, to aid in developing predictive modeling 

capacity in open, sparse, and heterogeneous systems. Investigation across complex systems will 

facilitate development of a truly global model, expanding beyond the sub-sample of communities 

evaluated in the current study (Figure 6.2.b), to evaluate intermediate and transition 

communities, and post-disturbance systems allowing practitioners to interpolate for systems 

without onsite empirical data (Figure 6.2.b). Pairing the work in native systems with additional 

monitoring in modified systems is expected to provide insight into the role of wind as a potential 

abiotic filter in restoration (Figure 6.2.c).  
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Figure 6.2: While established canopy flow models have primarily focused around dense, closed, homogeneous 
canopies (a), this study investigated near-ground wind regimes in Australian systems with a range of structural 
complexities (b), beginning the work to establish a baseline of sub-canopy flow patterns in sparse, open, 
heterogeneous systems. Future research expanding this work will facilitate the development of complex, higher-order 
models for sub-canopy flow in complex systems, capable of additionally interpolating wind profiles for intermediate 
or transition communities. In addition to monitoring mature, native, undisturbed vegetation, near-ground wind 
profiles were monitored across a chronosequence of post-mine Banksia Woodland restoration (c), identifying 
divergent high-speed wind patterns in early-stage restoration (d) while late-stage restoration demonstrated a shift 
returning to low wind speeds seen in pre-disturbance systems (e). In a controlled trial, Banksia seedlings grown in 
wind speeds often seen in early-stage restoration exhibited morphological reconfiguration and significant reductions 
in above-ground biomass accumulation (d) compared to seedlings grown in wind speeds typical of late-stage 
restoration and pre-disturbance systems (e). Further work is needed to determine if wind Is acting as an abiotic filter 
in these critical systems.  
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The divergence of early-stage restoration wind profiles from those seen on undisturbed sites 

suggests the potential importance of wind stress as a limiting abiotic component of early-

stage restoration ecology in Banksia woodlands. The step change in wind dynamics between 

years two and six suggests that this could cause a substantial delay to natural recruitment 

dynamics for some time, and that mitigating these effects in early restoration work could be 

a key factor to incorporate in active management.   

Within the post-mine Banksia restoration chronosequence monitored in this study (Figure 

6.2.c), divergent high wind speeds observed in early-stage restoration were found to 

significantly impact growth and morphology of keystone seedlings (Figure 6.2.d), compared 

to those grown in low wind speeds typical of pre-disturbance systems (Figure 6.2.e).  The 

overlay of the previously established biphasic pattern of Banksia attenuata mortality (> 90% 

after the second summer) in post-mine restoration (Rokich, 1999, Benigno, 2012, Benigno et 

al., 2013, Benigno et al., 2014), with the divergent high wind speeds exhibited in the near 

ground region (high density of observations > 5 m s-1 in 0-2 year restoration sites) in Chapter 

4, and the significant impacts on Banksia attenuata growth and morphology in Chapter 5, 

underscores the need for further research to determine if there is a connection between wind 

and vegetation establishment in early-stage restoration.  

Continued research linking canopy flow monitoring (as in Chapters 3 & 4) with seedling 

ecophysiology (as in Chapter 5) is critical to drive application of the research to improve 

establishment and recovery in ecological restoration. There is a recognized need in canopy 

flow research to better understand flow patterns in heterogeneous systems (Brunet, 2020). 

Post-disturbance systems often fall into this complex vegetation structure and undergo 
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continual shifts in canopy structure as community assembly progresses, making these 

systems highly dynamic and challenging to characterize. Yet, with an extension of research 

into post-disturbance canopy flow profiles, current unified theory could be extended to 

accommodate these more complex cases, and robust predictive models could be developed. 

In practice, these models could then be applied in situ, relating above-canopy wind speed to 

wind speed at the ground surface to more effectively predict, monitor and manage seedling 

microclimates. In this study, exposure to moderate and high wind regimes was detrimental 

to growth and morphology of Banksia attenuata seedlings (Chapter 5), while similar near-

ground wind speeds were observed immediately following disturbance in post-mine Banksia 

Woodland restoration (Chapter 4), therefore identifying a less-hospitable microclimate for 

seedlings, which may benefit from anthropogenic wind mitigation. By pairing predictive 

canopy flow models with further work investigating ecophysiological impacts of keystone 

species, microclimates vulnerable to high wind stress can be predicted theoretically and 

incorporated into management plans and restoration goals at an earlier stage. A focus on 

understanding and actively managing wind regimes in restoration holds potential to 

significantly influence management practice by informing wind mitigation efforts. Applying 

wind mitigation as a component of standard practice is a logical choice, as wind may impact 

vegetation establishment both directly (via ecophysiological factors such as abrasion, altered 

cellular structure, and leaf boundary layers; Ennos, 1997, de Langre, 2008, Gardiner et al, 

2016), and indirectly, as wind remains closely intertwined with many other components of 

the recovering system, including microclimates, moisture levels, soil erosion, and seed 

dispersal (Zeng and Takahashi, 2000, Yuan et al, 2012, Bohm et al, 2013, Yan et al, 2016).  
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Active intervention through anthropogenic wind shelters such as wind fencing or straw 

checkerboards (Li et al, 2006, David, 2013) may provide enough architectural roughness 

elements, although artificial, during early-stage restoration to functionally shift resilience 

curves for seedling microclimates to a less degraded state (Figure 6.3). 

 

 

Figure 6.3: Enhancing understanding of canopy flow patterns and fluid-plant interactions in restoration hold 
potential to improve restoration practice, with anthropogenic wind mitigation offering a method to drive 
resilience shifts in early-stage restoration. 

 

6.4 Emerging Questions and Practitioner Applications 

One of the fundamental goals of this work was to leverage an interdisciplinary framework to 

increase knowledge sharing between restoration ecology and other scientific disciplines, 

where, by drawing on the well-established theory and literature from those disciplines, a case 

can be built for the importance of considering wind as an ecological factor in restoration 

efforts across the globe. This research begins that process, capturing empirical wind speed 

profiles for six Australian communities under threat from mining and resource development
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and establishing the first research program investigating canopy flow patterns in modified 

and post-disturbance systems. We additionally found that increasing wind speed can have 

severely detrimental impacts on seedlings and have identified several questions for ongoing 

investigation. Key outcomes and emerging questions are highlighted below (Table 6.1). 

 

TABLE 6.1: Highlights of the emerging questions and practitioner applications for the 
study, grouped by the relevant academic discipline or practitioner group.  
 

EMERGING QUESTIONS: 
CANOPY FLOW DISCIPLINE 

EMERGING QUESTIONS: 
RESTORATION ECOLOGY DISCIPLINE 

▪ Can canopy flow profiles for the Chapter 
3 and Chapter 4 systems be fit to a 
candidate set of models from literature, 
given repeated study with a larger number 
of vertical monitoring points and increased 
sample size?  
 
▪ Can repeated study of canopy flow 
across a restoration chronosequence 
confirm initial results (including revisiting 
HANSON sites for comparison 5-10 years 
later, and monitoring on other 
chronosequences to confirm across a 
wider inference scale. 
 
▪ Can those predictive models be coupled 
with high resolution, quantitative mapping 
of vegetation structure to produce CFD 
modeling of canopy flow capable of use as 
a predictive tool? 
 
▪ Can thresholds for the transition 
between boundary-layer dynamics and 
mixing-layer dynamics be identified by 
exploring canopy flow in low density 
canopies? 
 
 

▪ At what scale is wind a significant factor in 
ecological restoration programs globally? 
Across continents/biomes/systems/ 
disturbances, can the ‘wind risk’ be 
classified/mapped?  
 
▪ Can mortality and performance thresholds 
be established for wind speed/wind 
exposure for critical restoration plant 
species? 
 
▪ Can wind be incorporated as an ecological 
attribute at a global scale to encourage 
consideration of monitoring and managing 
wind as a part of standardized restoration 
practice? What would that look like (i.e., 
updating restoration wheel in guidelines and 
5-star standards) What steps are needed? 
What impact would that change have on 
global restoration outcomes?  
 
▪ What mechanistic drivers within the 
ecosystem, or specific to a given 
disturbance, interact with wind, how do 
they interact, can conceptual models of the 
mechanisms be developed? 
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EMERGING QUESTIONS: 
PLANT PHYSIOLOGY DISCIPLINE 

PRACTITIONER APPLICATION: 
ECOLOGICAL RESTORATION 

▪ Will repeated study, with increased 
control of compounding variables and 
increased monitoring resolution, confirm 
biomass accumulation and 
ecophysiological results seen here? 
 
▪ Can investigation into plant morphology, 
reconfiguration, and abrasion of plant 
tissue reveal mechanistic links 
underpinning the impact of wind on plant 
growth/performance? 
 
▪ Can monitoring of diurnal patterns, or 
continuous monitoring throughout plant 
life span, reveal impacts of wind on plant 
physiology? 

▪ Will monitoring of near-ground canopy 
flow profiles within ecological restoration 
programs provide valuable onsite to site 
management? 
 
▪ Can anthropogenic wind mitigations be 
developed to alleviate detrimental wind 
conditions and aid in vegetation 
establishment and site recovery? 
 
▪ Can knowledge of target plant species 
response to wind be implemented to 
identify ‘high risk’ species for additional 
T.L.C. through sheltering efforts?  

 

6.5 Concluding Remarks  

The work presented in this dissertation begins the process of establishing wind as an 

ecological factor in restoration. Investigations of canopy flow revealed that increasing 

structural complexity in undisturbed Australian vegetation communities resulted in 

decreased near-ground wind speed profiles, with similar patterns of decreasing wind speed 

observed within a post-mine restoration case study. Seedlings exposed to high wind speeds, 

such as those observed in early-stage restoration, displayed detrimental impacts in growth 

and morphology, while ecophysiological effects remain confounded. There is a clear need for 

a consistent, coherent research agenda focused on the development of robust canopy flow 

models across complex and atypical systems, as well as targeted work to unpack the 

mechanistic role of wind in the ecosystem and in physiology, all with the aims of leveraging 

ecosystem aerodynamics to drive active restoration and facilitate conservation practice at a 

global scale. 
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