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A B S T R A C T

Quantifying connectivity patterns in dryland ecosystems enables us to understand how changes in the vegetation 
structure influence the runoff and erosion processes. This knowledge is crucial for mitigating the impacts of 
climate change and land use modifications. We quantify the multi-scale water-mediated connectivity within 
grassland and shrubland hillslopes using a weighted, directed network model. By integrating high-resolution 
elevation data, vegetation information, and modeled event-based hydrologic and sediment transport, we 
assess both structural connectivity (physical landscape layout) and functional connectivity (dynamic water and 
sediment movement) under varying rainfall and soil moisture conditions.

Our findings reveal a marked increase in local (patch-scale) connectivity metrics in shrublands compared to 
grasslands. Metrics like betweenness centrality—which measures the importance of nodes in connecting different 
parts of the network—and the weighted length of connected pathways increase up to tenfold in shrublands. 
Despite substantial local changes, global (plot-scale) properties like efficiency of water and sediment transfer 
show less variation, suggesting a robust network topology that sustains geomorphic functionality across different 
vegetation states.

We also find that the functional connectivity is more strongly correlated with structural connectivity for 
sediment than for water. This difference is particularly pronounced under high rainfall conditions and shows 
little sensitivity to variations in antecedent soil moisture, highlighting the critical role of rainfall-driven processes 
in shaping connectivity patterns.

The study offers a comprehensive framework for analyzing connectivity at multiple scales, which can inform 
targeted management strategies aimed at enhancing ecosystem resilience, such as interventions to control 
erosion or restore vegetation patterns.

1. Introduction

Drylands, defined as regions with an aridity index less than 0.65, 
cover approximately 41.3 % of the global land surface (Prăvălie, 2016; 
Reynolds et al., 2007). These ecosystems provide vital ecological ser-
vices despite harsh environmental conditions characterized by low 
rainfall, high evapotranspiration, and extreme temperature variability 
(Noy-Meir, 1973; Reynolds et al., 2007). Drylands have unique biodi-
versity (Maestre et al., 2016a, Maestre et al., 2021), store over 30 % of 
terrestrial carbon stocks (Cunliffe et al., 2016; Lal, 2019), and support 
38 % of the global population (United Nations, 2022). Therefore, un-
derstanding the drivers of dryland landscape structure and functional 
dynamics is both an urgent scientific concern and a pressing societal 
need.

Landscape structure refers to the physical layout of the landscape, 
such as vegetation patterns, and topography, which affect how resources 
(water and sediment in the context of this study) are distributed (Tiwari 
et al., 2024; Turnbull et al., 2008). Function describes the dynamic 
processes, like water flow and sediment transport, that depend on these 
structural features (Tiwari et al., 2024; Turnbull et al., 2008).

The structure and functional dynamics of drylands are significantly 
influenced by connectivity — the physical linkage that facilitates the 
flow of water and sediment across the landscape (Reynolds et al., 2007; 
Turnbull et al., 2008). This connectivity is crucial for the redistribution 
of resources, impacting biodiversity and ecosystem services including 
forage provision, soil retention, and carbon storage (Bestelmeyer et al., 
2011; Maestre et al., 2016b; Schlesinger et al., 1990). In these land-
scapes, vegetation structure exerts strong controls on the connectivity of 
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water and sediment transfers across the landscape (Bestelmeyer et al., 
2018; Calvo-Cases et al., 2021; Meron, 2018; Okin et al., 2015; Turnbull 
et al., 2012; Wainwright et al., 2011).

In many drylands, grassland and shrubland represent alternative 
vegetation states across aridity gradients (Maestre et al., 2016a; Okin 
et al., 2009; Peters et al., 2020, 2006; Pierce et al., 2019; Romero Ovalle 
et al., 2021; Turnbull and Wainwright, 2019). Transitions between 
grassland and shrubland are principally thought to be driven by 
drought, grazing and fire (Okin et al., 2009). These drivers change the 
local structure of vegetation and soil-surface properties, subsequently 
altering hydrologic and sediment transport connectivity during rainfall 
events (Bestelmeyer et al., 2018; Okin et al., 2009; Turnbull et al., 2012). 
At shorter temporal scales, changes occur during rainfall events due to 
immediate shifts in surface flows, while at longer temporal scales, the 
impacts of vegetation and soil modifications emerge more gradually. 
These changes in vegetation structure can trigger feedback mechanisms 
that either enhance or degrade landscape resilience to future shifts, 
depending on how they impact redistributive flows and fluxes (Scheffer 
and Carpenter, 2003; Turnbull et al., 2008). Resilience, in this context, 
refers to the ability of a landscape to absorb disturbances (such as in-
crease in land-use pressures or climatic variability) while maintaining its 
functional integrity, including the capacity to sustain hydrological and 
sedimentary processes essential for ecosystem stability (Folke, 2006; 
Holling, 1973). A resilient landscape can adapt to changes and recover 
from perturbations without transitioning to an alternative state, such as 
from grassland to shrubland or vice versa, while ensuring the continued 
redistribution and retention of critical resources like water, and sedi-
ments (Jenerette et al., 2012; Price, 2003; Turnbull et al., 2008).

Connectivity-driven stabilizing feedbacks maintain existing patch 
structures and functions, such as resource retention in grasslands 
(Abrahams and Parsons, 1996; Parsons et al., 1996; Schlesinger et al., 
1990; Turnbull et al., 2008). Alternatively, amplifying feedbacks pro-
gressively diminish resilience and facilitate state changes. A classic 
example is shrub encroachment reducing infiltration, elevating runoff, 
and increasing erosion (Peters et al., 2006; Schlesinger et al., 1990). 
These positive feedbacks favour and drive further shrub expansion.

Despite the recognized importance of connectivity in shaping 
dryland ecosystems (Bestelmeyer et al., 2011; Okin et al., 2009; Peters 
et al., 2006; Tiwari et al., 2024; Turnbull et al., 2008; Turnbull and 
Wainwright, 2019), barriers to its quantification exist. A primary chal-
lenge is translating conceptual models of connectivity into quantitative 
metrics that accurately represent the complex processes and interactions 
involved (Okin et al., 2009). Common approaches in geomorphology, 
such as the Index of Connectivity (Borselli et al., 2008; Cavalli et al., 
2013) focus on structural connectivity, and not on the dynamical/ 
functional aspects of connectivity (FC) that vary over time. Other ap-
proaches that have lookde at both structural and functional aspects of 
connectivity oversimplify connectivity by reducing it to a binary pres-
ence/absence of pathways (e.g. Bracken et al., 2015; Turnbull and 
Wainwright, 2019; Wohl et al., 2019), thereby obscuring the spatial 
dynamics of flow and resulting variations in the strength of connections 
(Barrat et al., 2004).

Connectivity can be quantified at two distinct scales: the scale of 
patch (referred to as the local scale) and the scale of the entire plot 
(referred to as the global scale). Local connectivity metrics quantify the 
interactions and linkages between neighboring landscape elements (e.g., 
patches), reflecting small-scale processes such as the redistribution of 
water or sediment across adjacent areas. Global connectivity metrics 
encompass the overall network structure and describes the large-scale 
patterns of resource transfer or flow across the entire system.

Work to date has emphasized the usefulness of metrics that quantify 
the length or density of connected pathways (e.g. Okin et al. 2009, 
Stewart et al. 2014, Turnbull and Wainwright 2019). However, these 
measures often fail to capture other important aspects of connectivity, 
such as the strength and directionality of resource flows, especially at 
multiple scales. There is untapped potential in applying network metrics 

that can quantify both local and global-scale emergent patterns of con-
nectivity (Tiwari et al., 2024), providing a more comprehensive un-
derstanding of geomorphic systems. The novelty of our work lies in 
applying advanced network-based approaches, specifically weighted 
and directed networks, to quantify connectivity patterns in dryland 
hillslopes. In these networks, the landscape is modeled as a set of nodes 
(e.g., landscape patches or grid cells) connected by links that have both 
direction and weight, capturing the magnitude and flow direction of 
resources like water or sediment (Tiwari et al., 2024). The utility of 
network-based approaches for improving understanding of connectivity 
in deltas and estuaries already been demonstrated (Hiatt et al., 2022, 
2018; Passalacqua, 2017; Tejedor et al., 2015) and there is clearly great 
potential for network-based approaches to improve our quantitative 
understanding of hillslope connectivity. Work already undertaken in 
this area includes the exploration of overland flow connectivity on semi- 
arid hillslopes (Calvo-Cases et al., 2021) and sediment cascades in alpine 
catchments (Cossart and Fressard, 2017; Heckmann and Schwanghart, 
2013). Tiwari et al., (2024) explored how hillslopes can be represented 
as weighted and directed networks to allow robust quantification of 
connectivity patterns. They used tools and metrics from complex 
network theory, such as degree centrality, betweenness centrality, and 
global efficiency (which are used in this study and defined later in 
Section 2), and demonstrated that weighted-directional networks can 
capture the strength and directionality of water and sediment flows.

Translating these developments in networks to hillslope geo-
morphology, we can model water-mediated connectivity over a hillslope 
as a network where nodes represents specific locations or patches (e.g. 
areas of different vegetation cover) and links, where links represent the 
pathways of water or sediment flow between them, weighted by factors 
such as flow magnitude or sediment load. Structural Connectivity (SC) in 
this study describes the static spatial arrangement and potential con-
nections based on landscape features like microtopography and vege-
tation (Maestre et al., 2016a; Turnbull and Wainwright, 2019). 
Functional Connectivity (FC), on the other hand, characterizes the dy-
namic and actual movement of water and sediment over the SC, influ-
enced by factors like rainfall events and soil moisture (see Tiwari et al., 
2024; Turnbull et al., 2018 for a further discussion of issues concerning 
the separation of structural and functional connectivity in 
geomorphology).

Understanding how SC influences FC is crucial for grasping how 
landscape structure affects water and sediment movement, and the po-
tential for FC-SC feedbacks over longer timescales. By quantifying both 
SC and FC, we can investigate the relationship between them (see Voutsa 
et al, 2021 for a discussion of SC-FC relations in geomorphology, and 
other disciplines). Specifically, we can quantify how differences in 
network topology (SC) give rise to distinct and diverse patterns of FC, 
and under what circumstances. The nature of the SC-FC relation may 
vary depending on the system and process, with SC exerting a stronger 
or weaker influence on FC.

Previous work has explored where and when there are similarities in 
the length of connected pathways between SC and FC on dryland hill-
slopes, suggesting the potential for feedbacks between structure and 
function (e.g. Turnbull and Wainwright, 2019). Building on this foun-
dation, there is a scope to explore a wider suite of SC-FC relations by 
utilizing various connectivity metrics. These metrics can provide in-
sights into different aspects of hillslope-scale hydrological and sediment 
connectivity. In particular, quantitatively assessing where and when 
there are similarities/differences in hydrological and sediment connec-
tivity can enhance our understanding of these systems.

In this study, we focus on grassland and shrubland hillslopes in New 
Mexico, USA—a region representative of grass-shrub transitions 
commonly found in dryland ecosystems across the southwestern United 
States. We aim to understand how differences in landscape structure 
between grassland and shrubland hillslopes influence hydrological and 
sediment connectivity. To achieve this, we focus on the following spe-
cific research questions: 
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1. How do the global and local-scale characteristics of structural con-
nectivity differ between grassland and shrubland hillslopes?

2. How do these differences in structural connectivity affect the func-
tional connectivity of water (FChyd) and sediment (FCsed) under 
varying environmental conditions, such as different rainfall events 
and antecedent soil moisture levels?

3. What is the nature of the relation between structural and functional 
connectivity in these ecosystems, and how does it vary between 
grassland and shrubland states? Specifically, does structural con-
nectivity exert a stronger or weaker influence on functional con-
nectivity for water versus sediment connectivity?

To answer these questions, we first determine how the global and 
local-scale characteristics of SC and FC vary between grassland and 
shrubland hillslopes. Then, we explore the types and strengths of the 
relations between SC and FC in these ecosystems.

2. Materials and methods

2.1. Study area

The drylands of the US Southwest contain a mosaic of grassland and 
shrubland ecosystems. Widespread shrub encroachment into native 
grasslands has been documented across this region (Gao and Reynolds, 
2003; Van Auken, 2000). The network-based connectivity analysis 
developed here builds upon extensive work undertaken over grassland 
and shrubland hillslopes at the Sevilleta Long Term Ecological Research 
(LTER) site in central New Mexico (Turnbull et al., 2008, 2010a, 2010b, 
2012; Turnbull and Wainwright, 2019), which are representative end-
members of Chihuahuan desert grassland and shrubland states. These 
hillslopes have contrasting soil and vegetation characteristics (Turnbull 
et al., 2010c), summarized in Table 1. The justification for focussing on 
these well-studied hillslopes is that there is detailed information readily 
available that allows for detailed characterization of SC and FC net-
works. The Sevilleta has a semi-arid climate with a mean annual pre-
cipitation of 256 mm, 55 % arriving in the summer monsoon season 
(July-September), and a mean annual temperature of 13.2 ◦C (Collins 
et al. 2020).

2.2. Structural and functional connectivity networks

To develop SC and FC networks, it is necessary to establish (1) the 
fundamental unit of connectivity that is appropriate for the system in 
question; in other words, what does a node within a network represent, 
and (2) how to define links between these nodes that represent SC and 
FC (Tiwari et al., 2024; Turnbull et al., 2018). At the hillslope scale, 
hydrologically and geomorphologically relevant fundamental units can 
be defined based on vegetation patch patterns and their associated 
microtopography. In practice, the choice of suitable fundamental unit is 
often constrained by the spatial resolution of available data (e.g. 
elevation data, vegetation data), or, where models are used to simulate 
dynamical processes, the spatial resolution of the model outputs (Tiwari 
et al., 2024; Turnbull et al., 2018).

In this study, the focus of analysis is event-based hydrological and 
sediment connectivity, i.e. connected resource flows that occur during 

single rainfall-runoff events. At this timescale, SC is considered to be 
static, whereas FC is dynamic, and will likely vary in response to the SC 
of the landscape, rainfall characteristics and antecedent conditions.

We develop the SC network based on the way surface characteristics 
(topography and vegetation cover) are structured to create pathways 
that are a conduit for the connected transfer of water and sediment 
(Fig. 1) (i.e. network topology). Nodes represent landscape patches on a 
lattice grid, each with associated vegetation cover and elevation data. 
Edges between nodes are determined based on the D4 steepest descent 
flow routing.

The vegetation patterns were digitized from high-resolution aerial 
imagery and validated using field surveys. Percent vegetation cover for 
each node was calculated based on the proportion of vegetated area 
within the corresponding pixel or grid cell (Turnbull et al., 2010a). For 
upslope nodes, vegetation cover values were directly extracted for each 
node in the lattice. We only considered nodes to be connected if the 
vegetation of the upslope node was less than or equal to 60 % cover 
(Turnbull and Wainwright, 2019). The rationale for vegetation-related 
connectivity/disconnectivity in the SC network is based on previous 
research showing that vegetation patches facilitate run-on infiltration, 
leading to resource retention and disconnected flows (e.g. Wainwright 
et al. 2002, Abrahams et al. 2003). A vegetation cover value of 60 % was 
used as this threshold is informed by percolation theory, which describes 
how connectivity in a system emerges based on the proportion of 
occupied sites (Stauffer and Aharony, 2018). In two-dimensional lattices 
with four nearest neighbors (analogous to our grid), the critical perco-
lation threshold—the point at which a system transitions from being 
predominantly disconnected to connected—occurs around 59 % for 
finite systems is the midpoint in the range of observed percolation 
thresholds for finite lattices with 4-coordination in two-dimensional 
systems (Harel and Mouche, 2014). Applying this concept to ecohy-
drological processes, the percolation threshold represents the critical 
point where the landscape shifts from facilitating overland flow (and 
thus resource transfer) to inhibiting it due to increased vegetation cover. 
By selecting 60 % as the threshold, we capture this critical transition, 
reflecting the ecohydrological tipping point at which increased vegeta-
tion cover markedly diminishes the potential for surface runoff and 
resource transfer downslope.

Link weight in the SC network is inversely proportional to the 
vegetation cover of the source node; specifically, it is equal to the 
normalized value of the difference between the maximum percentage 
vegetation cover of a node that can be structurally connected to 
downslope nodes (i.e., 60 %) and the percentage vegetation cover of the 
source node. For example, if a source node has a 10 % vegetation cover, 
then the weight associated with the link originating from it will be 
(60–10)/60, i.e., 5/6. In addition, nodes with vegetation cover ≥60 % 
have no links originating from them, i.e., 0 link weight. This inverse 
relation reflects the ecohydrological process where lower vegetation 
cover leads to higher potential for overland flow and sediment transport 
downslope, while higher vegetation cover reduces this potential by 
enhancing infiltration and acting as a barrier to flow. In this charac-
terization of SC, denser vegetation produces weaker SC links to down-
slope nodes, to reflect the control of intercepting vegetation on reducing 
the potential for resource transfer. Whilst we focus on vegetation cover 
as the only factor influencing SC link weights, other factors such as 

Table 1 
Summary of vegetation and soil characteristics for grassland and shrubland plots. (Turnbull et al., 2010b). Vegetation cover represents the average proportion of each 
plot area covered by any live vegetation (grass or shrubs) based on digitized aerial imagery and field measurements. Soil characteristics represent plot-level averages 
from field-sampled and laboratory-analysed data (Turnbull et al., 2010b).

Plot Vegetation Characteristics Soil Characteristics

Each plot measures 30 m × 10 m with an average slope of approximately 5 
%.

% Vegetation 
Cover

% Grass 
Cover

% Shrub 
Cover

% Pebbles % Sand % Silt % Clay

Grassland 45.5 45.5 0 27.8 50.8 18.8 2.6
Shrubland 23.3 1 22.3 34.0 43.8 20.0 2.2
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slope, surface roughness, and downslope distance could also play a role 
in determining the strength of these connections (Tiwari et al., 2024).

The FC network for grassland and shrubland hillslopes was generated 
using spatially explicit, event-based runoff and sediment transport 
simulations presented and validated in Turnbull et al. (2010a, 2010b, 
2010c), Turnbull and Wainwright (2019). These simulationswere per-
formed using MAHLERAN (Model for Assessing Hillslope-Landscape 
Erosion, Runoff, and Nutrients), an event-based runoff and erosion 
model (Wainwright et al. 2008a, 2008b, 2008c). MAHLERAN simulates 
key hydrological and sediment transport processes, including runoff 
generation, flow routing (kinematic wave approximation), runon infil-
tration, splash erosion, and flow-driven sediment transport. Sediment is 
either transported downslope or deposited in areas of reduced flow 
energy (Wainwright et al., 2008a).

MAHLERAN has been extensively validated across a wide range of 
dryland environments, including semi-arid grassland and shrubland 
transitions, and has been shown to reliably simulate realistic runoff and 
sediment transport dynamics (Mueller, 2014; Turnbull et al., 2010a; 
Turnbull and Wainwright, 2019; Wainwright et al., 2008c). Validation 
efforts include comparisons of model output with measured hydro-
graphs, sediment yield, and particulate nutrient fluxes under natural 
rainfall conditions at the Sevilleta Long-Term Ecological Research 
(LTER) site in New Mexico, USA (Turnbull et al., 2010a; Wainwright 
et al., 2008c). These validations included tests of runoff at the plot 
outlet, sediment yields, and spatial patterns of connectivity derived from 
monitored flow paths (Turnbull et al., 2010a). The agreement between 
modelled and monitored runoff, erosion, and nutrient transport dy-
namics demonstrates the robustness of MAHLERAN for capturing hy-
drological and sediment transport processes.

For this study, the spatially gridded model outputs (discharge and 
sediment transport) are converted to directed FC networks for water 
(FChyd) and sediment (FCsed). We use the Deterministic 4-neighbor (D4) 
steepest descent flow routing to determine the connections between 
nodes, consistent with the approach used for the SC networks. Because 
the FChyd and FCsed networks are created using modelled data, in which 
infinitely small hydrological and sediment fluxes can be quantified, we 
determined if two nodes were functionally connected if the modelled 
flux at each grid cell exceeded a threshold amount that would be 
observable under field conditions, set to 0.8 mm flow depth, as per 
Turnbull & Wainwright, (2019), and 1 g sediment which is the lowest 

steady-state value on similar plots for splash erosion (Parsons et al. 
1994). Links in the FChyd and FCsed networks were weighted by the flux 
normalized by the maximum simulated fluxes of all the simulations 
(3.86 l for water and 14 g for sediment transport). This normalisation 
enabled the comparison of FChyd and FCsed networks across both vege-
tation types and environmental conditions (see Fig. 1 for a summary of 
methods).

The FChyd and FCsed networks were constructed for different ante-
cedent soil-moisture conditions (low, 3.8 %; medium, 10.5 %; high, 
21.1 %) and for different rainfall events with total event rainfall of 45 
mm, 24 mm, 15 mm, 10 mm and 5 mm which were selected based on 
analysis of the long-term rainfall record at the Sevilleta National Wildlife 
Refuge (as presented in Turnbull and Wainwright 2019). For each 
rainfall event, simulations were performed under all three antecedent 
soil-moisture conditions to evaluate how varying initial soil moisture 
influenced functional connectivity for both water (FChyd) and sediment 
(FCsed).

2.3. Quantification of the connectivity patterns

2.3.1. Global-level metrics
Global-level metrics (i..e metrics characterising the whole network) 

are useful for understanding how connectivity between individual nodes 
leads to global network characteristics (i.e. a landscape-scale quantifi-
cation of SC and FC). Here, we use three network-level metrics – 
Centralization Degree, Assortative Coefficient, and Global Efficiency – 
chosen for their relevance to landscape-scale processes as presented in 
Table 2 and explored in Tiwari et al. (2024).

Centralization Degree (CD) quantifies how centralized connectivity 
is within a network and is calculated by summing the differences be-
tween the maximum degree centrality and each node’s degree, 
normalized by the maximum possible sum of differences (Equation (1), 

CD =

∑N
i=1(max(S) − Si)

(N − 1)(N − 2)
(1) 

where Si is the strength of node i, i.e. the sum of total link weights 
connected to a node (both incoming and outgoing) and N is the total 
number of possible links. Conventionally, networks with high degree 
centralization tend to have connectivity consolidated through a few 
focal nodes, making them more vulnerable to disruptions at those key 

Fig. 1. (a) Aerial image showing grassland and shrubland hillslope plots. (b) Structural Connectivity (SC) network conceptualized using the D4 steepest slope al-
gorithm and incorporating the disconnectivity caused by vegetation sinks i.e. nodes with vegetation cover more than 60 percent. (c) Functional Connectivity (FC) 
network constructed using the D4 steepest slope algorithm and incorporating the disconnectivity due to low flow/no flow conditions. The FChyd networks presented 
in this figure were generated from spatial simulations of runoff using MAHLERAN, under 45 mm total rainfall, and a mean antecedent soil-moisture content of 21 %.
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locations. In the context of this study, a high CD suggests that indicates 
that the movement and redistribution of water and sediment are 
disproportionately routed through a few critical nodes or pathways, 
which often correspond to areas of more concentrated flow, potentially 
leading to increased runoff, erosion, and the loss of dissolved and 
particle-bound resources such as carbon, nitrogen, and phosphorus 
(Parsons et al., 1994; Schlesinger et al., 1990). These areas are vital for 
the system’s functioning because they facilitate efficient resource 
transfer. However, such centralization can reduce the resilience of the 
landscape by creating dependencies on these key pathways. If these 
pathways are disrupted—such as through revegetation efforts aimed at 
reducing structural connectivity—the flow patterns may shift, poten-
tially decreasing erosion and enhancing resource retention by promot-
ing infiltration and vegetation-mediated redistribution.

Global Efficiency (GE) is a measure of how efficiently resources are 
transferred across the network and inversely related to topological dis-
tance between nodes (Equation (2): 

GE =
∑n

i=1

∑n

j=1,i∕=j

1
wij × dij

(2) 

where dij is the shortest path length distance between node pair i and j, 
and wij is the mean weight of the path between i and j. For unweighted 
network, wij is equal to 1. A higher GE indicates a more globally con-
nected and efficient network, where resources can be transferred quickly 
and through multiple pathways.

In terms of resilience, a network with high GE is considered more 
robust because it can efficiently reroute flows in response to localized 
disturbances, thereby maintaining overall functionality (Zhang and Ng, 
2021). In dryland landscapes, higher GE implies that the system can 
better withstand changes such as vegetation loss or erosion because 
alternative pathways exist for resource redistribution. Conversely, a 
network with low GE may be more vulnerable to disruptions, as 

resources have fewer pathways and longer distances to traverse, 
potentially leading to localized degradation.

Complex networks often exhibit “assortative mixing,” where highly 
connected nodes tend to link to other highly connected nodes (and low 
to low) (Newman, 2002). The Assortativity Coefficient (AC) quantifies 
the tendency of nodes to connect with other nodes having similar (as-
sortative mixing) or dissimilar (disassortative mixing) traits Equation 
(3): 

AC(x) = r(xi, xj) (3) 

where r is the Pearson correlation coefficient between the trait values xi 
and xj for all connected node pairs i and j. In directed networks, 
weconsider the correlation between the traits of nodes with outgoing 
links (xi) andincoming links (xj). This approach captures the directional 
mixing patterns across the network. As AC calculations only depend on 
the nodes’ traits, it is unaffected by link weights.

In our context, we apply AC to vegetation cover and micro-
topography to determine whether hydrological and sediment connec-
tivity links nodes with similar vegetation density and microtopography 
(assortativity) or connects different vegetation density and micro-
topography (disassortativity). Positive AC values indicate that nodes 
tend to connect with others having similar vegetation density or 
microtopography. Negative values suggest that nodes connect with 
dissimilar nodes (Boccaletti et al., 2006).

The microtopography of each node is calculated based on the 
elevation of the node minus the mean elevation of its neighbouring 
nodes, allowing for approximate analysis of the landscape’s fine-scale 
relief. By analyzing AC, we can infer how the distribution of vegeta-
tion AC (vegetation) and AC (microtopogtaphy) influences connectivity 
patterns and resilience. For instance, assortative networks may be more 
stable and resilient to disturbances because similar nodes support each 
other, while disassortative networks may be more susceptible to 

Table 2 
Summary of global- and node-level network metrics, their descriptions, and corresponding equations for analyzing structural and functional connectivity.

Metric Abbreviation Description Relation to Resilience Equation 
Reference

Centralization Degree 
(Freeman, 1978)

CD Measures how centralized connectivity is within a 
network. High CD indicates connectivity is concentrated 
through a few key nodes, making these nodes critical for 
overall system function.

High CD can reduce resilience because the system becomes 
more vulnerable to disruptions at key nodes. Conversely, 
low CD implies a more decentralized network, enhancing 
resilience by distributing resource flows and reducing 
dependency on specific nodes.

Equation 
(1)

Global Efficiency 
(Latora and 
Marchiori, 2001)

GE Represents the network’s ability to maintain connectivity, 
even when local connections are disrupted. Higher GE 
implies a more resilient network with efficient resource 
redistribution.

High GE enhances resilience of network connectivity by 
enabling efficient resource redistribution even when parts 
of the network are disrupted. A network with high GE can 
better withstand and recover from disturbances, 
maintaining overall functionality.

Equation 
(2)

Assortativity 
Coefficient 
(Newman, 2002)

AC Quantifies the tendency of nodes to connect with others 
having similar (or dissimilar) traits. Positive AC indicates 
similar-node connections; negative AC indicates 
connections between dissimilar nodes.

Positive AC can enhance resilience by promoting uniform 
resource distribution and reducing erosion hotspots. 
Negative AC may reduce resilience by creating 
concentrated flows and increasing vulnerability to 
disturbances. Understanding AC helps in managing trait 
distributions to bolster resilience.

Equation 
(3)

Weighted Length of 
Connected Pathways 
(Okin et al., 2009)

WLOCOP Measures the weighted length of connected pathways 
reaching a node, highlighting its role in long-distance 
resource redistribution.

Nodes with high WLOCOP are crucial for maintaining 
long-range connectivity. Their presence enhances 
resilience by ensuring that resources can be transferred 
across the landscape. Their loss can significantly reduce 
connectivity, making the system more susceptible to 
disturbances.

Equation 
(4)

Betweenness Centrality 
(Girvan and Newman, 
2002; Tiwari et al., 
2020) 

BC Reflects a node’s importance as a connector within the 
network by counting the number of shortest paths that 
pass through it. High BC nodes act as critical conduits for 
resource flow.

High BC nodes are essential for network integrity and 
resilience. Their disruption can fragment the network, 
reducing overall connectivity. Identifying and protecting 
high BC nodes can enhance resilience by maintaining 
critical pathways for resource flow.

Equation 
(5)

Relative Node 
Efficiency 
(Crucitti et al., 2006)

RNE Evaluates the impact of a node’s removal on global 
connectivity. Positive RNE indicates that removal 
decreases network connectivity, while negative RNE 
suggests an increase in global efficiency due to the 
removal of redundant or inefficient nodes.

Understanding RNE helps identify nodes that are critical 
for resilience. Protecting nodes with positive RNE can 
maintain or enhance network robustness. Conversely, 
modifying or removing nodes with negative RNE can 
improve network efficiency and resilience by eliminating 
bottlenecks or redundant pathways.

Equation 
(6)
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cascading failures due to the dependence of nodes on dissimilar others.
In the results section, we present global metrics for the entire hill-

slope plots as well as for three spatial areas: up-slope, mid-slope, and 
down-slope regions. This approach allows for a more detailed under-
standing of how connectivity patterns vary across different parts of the 
hillslope. By comparing global metrics for these spatial areas, we can 
identify potential differences in regional connectivity characteristics (i. 
e. as a mid-level between global and node-level characteristics) and their 
implications for resource redistribution within the landscape.

2.3.2. Node-level metrics
Node-level metrics provide information about the role of a node in 

supporting connected pathways (Table 2). Here, we quantify node 
importance using Length of Connected Pathways Weighted (WLOCOP), 
Betweenness Centrality (BC), and Relative Node Efficiency (RNE), to 
allow greater insight into the role of individual landscape patches on 
system connectivity and resilience.

Previous studies in drylands have used the length of flow pathways 
as a way to quantify hydrological connectivity (Mayor et al., 2019, 2013; 
Turnbull and Wainwright, 2019). Okin et al. (2009) used the Length of 
Connected (incoming) Pathways (LOCOP) to demonstrate the role of 
vegetation cover in propagating dryland connectivity driven by water, 
wind, and fire. Their conceptual model provided insights on how 
different resource transport vectors interact with vegetation types to 
influence connectivity. Here we extend this concept to a quantitative 
network metric, Weighted Length of Connected (incoming) Pathways 
(WLOCOP), that considers edge weights. The WLOCOP thus builds upon 
the LOCOP conceptual framework, providing a measurable index of the 
extent to which a node, u, is directly connected to upslope regions, as 
modified by edge weight Equation (4). 

WLOCOPu =
∑

i,j
lij × wij (4) 

where lij is the mean length and wij is the mean weight of all the incoming 
pathways to node u (wij is equal to 1 for unweighted network). Nodes 
with high WLOCOP are crucial for maintaining connectivity over larger 
spatial scales, thus contributing to the system’s resilience. If such nodes 
are disturbed (e.g., through vegetation loss), it can lead to a significant 
increase in hydrological and sediment connectivity, making the system 
more vulnerable to further disturbances.

Betweenness Centrality (BC) represents a node’s ability to act as a 
bridge (i.e. a connecting node along the pathways between nodes) 
during transportation processes. A node with high BC value has a high 
number of connected pathways passing through it and reaching other 
nodes in a network (Heckmann et al., 2015). The BC of node u is defined 
as: 

BCu =
∑

i,j∕=u
nij(u) (5) 

where nij is the total number of shortest paths from node i to node j that 
pass through node u. Nodes with high BC act as critical conduits for 
resource flow, and their removal or disruption can fragment the 
network, reducing overall connectivity and resilience. Identifying these 
nodes allows for targeted management actions to enhance or protect key 
pathways that support the system’s functioning.

Relative Node Efficiency (RNE) evaluates the impact of node removal 
on the overall connectivity of the system (Veremyev et al., 2015). This 
metric is potentially useful within the context of dryland geo-
morphology as it highlights locations within the landscape where we can 
most effectively manipulate the system to alter connectivity. Thus, the 
characteristics or attributes of nodes can be manipulated to either in-
crease or decrease the connectivity of that node, and thus impact con-
nectivity of the wider system. 

RNEu =
GEG− GEH

GEG
× 100 (6) 

where GEG is the global efficiency of the network and GEH is the net-
work’s global efficiency after node u is removed. Positive RNE values 
indicate that node removal reduces global efficiency, suggesting that the 
node is important for maintaining overall connectivity and resilience. 
Negative RNE values suggest that node removal increases GE, possibly 
by eliminating redundant or inefficient pathways. Understanding RNE is 
potentially useful in identifying nodes that are critical or detrimental to 
the system’s resilience, guiding interventions to enhance network 
robustness.

To compare node-level network metrics between grassland and 
shrubland states, we apply a two-sample t-test, which allows us to 
determine if the mean values of a given metric differ significantly be-
tween ecosystems.

2.3.3. Connectivity relations: SC, FChyd, and FCsed
We examine relations between SC, FChyd, and FCsed in grassland and 

shrubland ecosystems using correlation analysis (Liégeois et al. 2020, 
Voutsa et al., 2021). We explore the correlations between nine node- 
level connectivity metrics: SC (WLOCOP, BC, RNE), FChyd (WLOCOP, 
BC, RNE), and FCsed (WLOCOP, BC, RNE). This analysis provides insights 
into both intra-layer connectivity relations (i.e., SC-SC, FChyd-FChyd, and 
FCsed-FCsed for all combinations of WLOCOP, BC, RNE) and inter-layer 
connectivity relations (i.e., SC-FChyd, SC-FCsed, and FChyd-FCsed for all 
combinations of WLOCOP, BC, RNE).

For each pair of metrics, we calculate the Pearson correlation coef-
ficient (r) to quantify the strength and direction of the relation. r values 
range from − 1 to 1: 

1. A value of 1 indicates a perfect positive correlation, meaning both 
variables increase together.

2. A value of − 1 indicates a perfect negative correlation, meaning one 
variable increases while the other decreases.

3. A value near 0 indicates little to no linear relation between the 
variables.

High positive r values suggest a strong positive correlation between 
the metrics, indicating that the connectivity patterns captured by one 
metric are similar to those captured by the other. Conversely, low or 
negative r values suggest weak or inverse relationships between the 
metrics, indicating that the connectivity patterns differ.

High intra-layer correlations suggest that the different node-level 
metrics capture similar aspects of connectivity within a given layer, 
while low correlations indicate that the metrics capture different facets 
of connectivity. Inter-layer correlations offer insights into the relations 
between structural and functional connectivity, as well as the strength of 
coupling between water and sediment connectivity. High SC-FC corre-
lations suggest that structural constraints strongly dictate functional 
connectivity, whereas lower correlations imply functional divergence 
from structure. Similarly, high FChyd-FCsed correlations indicate a strong 
coupling between water and sediment connectivity, while low correla-
tions suggest their decoupling.

By comparing the correlation coefficients between the different 
metrics and layers, we aim to gain a deeper understanding of how 
network structure relates to function under variable conditions and 
across alternate ecosystem regimes. This analysis will help quantify the 
complex interplay between structural and functional connectivity in 
grassland and shrubland ecosystems.
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3. Results

3.1. Global scale characteristics over grassland and shrubland

The structural connectivity (SC) network for grassland has twice as 
many areas, compared with shrubland, where densely vegetated patches 
(cover >= 60 %) intersect with SC pathways causing them to become 
disconnected (Fig. 2a,b). This topological difference is reflected in the 
higher number of links for the shrubland SC network (954) compared to 
the grassland network (720) (Fig. 3). The spatial distribution of 
weighted links in the shrubland network is more uniform, with stronger 
links (weights close to 1) evenly distributed across the plot. In contrast, 
the grassland SC network exhibits high variation in link distribution 
(Fig. 3a,b). The SC-grassland network has a median link weight of ~ 0.8 
with no outliers, whereas the SC-shrubland network has a median of 1 
and numerous outlier weights from 0 to 0.9 (Fig. 3a,b).

Functional connectivity for both water (FChyd) and sediment (FCsed) 
are highly sensitive to rainfall amount but less influenced by antecedent 
soil moisture (Fig. 3) across grassland and shrubland. Across both 
vegetation types, spatially, link weights intensify in downslope regions, 
achieving maximum values along the plots’ lower boundaries under 
high rainfall (Fig. 2c-f). The FCsed network is connected in upslope areas, 
unlike the FChyd network (Fig. 2e,f). While FChyd for grassland and 
shrubland have comparable link counts under heavy (45 mm) rainfall. 
Grassland FChyd and FCsed drops sharply with decreasing rainfall, with 
the system being completely disconnected under moderate rainfall (15 
mm). In contrast, the shrubland FChyd network retains connectivity at 
10 mm rainfall (Fig. 3b). The grassland FChyd network also exhibits a 
narrower distribution and fewer high-weight outliers compared to the 
shrubland (Fig. 3a,b). For FCsed, the different vegetation types show 
similar link counts but more extreme weight outliers in the shrubland, 
indicating stronger sediment connectivity (Fig. 3c,d).

3.2. Global-level connectivity metrics

The centralization degree (CD) of the structural connectivity (SC) 
network is 0.0011 in grassland and 0.0013 in shrubland (Fig. 4a,b). The 
SC networks have comparable CD values of 0.005 in upslope areas for 

both ecosystems. However, CD increases to 0.02 in the shrubland 
downslope region versus 0.16 in the grassland (Fig. 4a,b). In terms of 
functional connectivity, shrubland exhibits uniformly higher CD for 
FChyd and FCsed (Fig. 4i,j,q,r). For all FC networks, CD increases with 
rainfall amount and antecedent soil moisture in both ecosystems 
(Fig. 4a,b,i,j,q,r). However, CD increases more gradually as rainfall in-
creases for FChyd compared to the sharper increase observed for FCsed 
(Fig. 4i,j,q,r). For example, in the shrubland downslope, FChyd CD in-
creases from 0.008 to 0.016 when rainfall increases from 24 mm to 45 
mm under high soil moisture (Fig. 4j). Under the same conditions, FCsed 
CD increases markedly from 0.002 to 0.013 (Fig. 4r).

Examining the relation between CD and total discharge shows that 
CD for FChyd increases linearly with total discharge in both ecosystems 
(Fig. 5a). The slope of this relation is steeper for shrubland, indicating 
that for the same level of total discharge, CD is higher in shrubland than 
in grassland. For FCsed, both total sediment output and CD values are 
extremely low for rainfall totals of 24 mm and lower (Fig. 5e). A sig-
nificant relationship is observed only at a rainfall total of 45 mm. Under 
these conditions, the relation between total sediment transport and CD is 
steeper for shrubland, while grassland shows a more gradual increase 
(Fig. 5e).The global efficiency (GE) of the SC network is 2.88 x 10^-6 in 
the shrubland versus 1.10 x 10^-6 in the grassland, i.e. GE for SC 
shrubland is 2.6 times greater than the GE for SC grassland (Fig. 4c,d). 
For high rainfall and high soil moisture, the GE of FChyd is 1.51 x 10^-6 in 
grassland versus nearly twice that in shrubland (Fig. 4k,l). Similarly, the 
GE of FCsed is approximately 3 times higher in shrubland (4.41 x 10–6) 
compared to grassland under these wet conditions (Fig. 4s,t). Overall, 
GE of FC networks is highly sensitive to rainfall and soil moisture, 
increasing under wetter states.

The relation between GE and total discharge or total sediment output 
parallels that observed for CD (Fig. 5b,f). GE increases more sharply with 
total discharge or total sediment output in shrubland compared to 
grassland.

The SC networks show weak positive assortativity for vegetation 
cover (AC-veg), with coefficients of 0.0635 in grassland and 0.1937 in 
shrubland (Fig. 4e,f), suggesting nodes have moderately similar vege-
tation densities. SC networks exhibit stronger disassortativity around 
− 0.4 for microtopography (AC-topo), indicating connections between 

Fig. 2. Connectivity networks for grassland and shrubland plots. Structural connectivity networks for grassland (a) and shrubland (b). Functional connectivity 
networks for water (c and d) and sediment (e and f) under 45 mm rainfall total and high (21.1 %) soil moisture in grassland and shrubland plots, respectively 
(zoomed in high resolution plots are presented in the supplementary document).
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nodes of disparate relief (Fig. 4g,h). For FC networks, AC-veg remains 
near 0 in grassland but increases to ~ 0.2 for FChyd and ~ 0.4 for FCsed in 
shrubland (Fig. 4m,n,u,v). Two exceptions are the highly negative AC- 
topo for FChyd in shrubland upslope (− 0.7 in Fig. 4p) and positive 

values under low rainfall. Overall, AC-veg and AC-topo are independent 
of rainfall and soil moisture, instead depending on position in the 
directed network, with highest values in mid-slope areas that are more 
central within the network.

Fig. 3. Distributions and means of link weights across structural (SC) and functional connectivity (FC) networks. Boxplots on the left y-axis show the distribution of 
link weights for SC network (i.e. first boxplot in each four subplot a to d) and (a) FChyd networks in grassland, (b) FChyd networks in shrubland, (c) FCsed networks in 
grassland, and (d) FCsed networks in shrubland. Number of link weights are indicated by blue circular markers plotted on the right y-axis. FC networks were 
constructed under different rainfall conditions (lower x axis: 5 mm, 10 mm, 15 mm, 24 mm, 45 mm) and soil moisture levels (upper x-axis: 3.8 % low, 10.5 % 
medium, 21.1 % high). The boxplot whiskers indicate 1.5 times the interquartile range with outliers shown as red plus sign. Higher mean link weights arise under 
higher rainfall and soil moisture across all FC networks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 4. Global-scale connectivity metrics for grassland and shrubland for SC and FC networks under different rainfall amounts and antecedent soil moisture. Four 
global-scale metrics i.e. Centralisation Degree, Global Efficiency, Assortativity Coefficient of percentage vegetation cover and Assortativity Coefficient of micro 
topography are presented for SC (a to h), FChyd (i to p) and FCsed network (q to x). The empty cell represents that network do not exist under the specified 
climate conditions.
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The relation between AC-veg for FChyd and total discharge shows 
that AC-veg values increase and become positive as total discharge in-
creases (Fig. 5c). This increase is steeper in shrubland, indicating that 
higher water flow is associated with stronger assortative mixing based 
on vegetation cover. In grassland, even under high total discharge, AC- 
veg remains close to zero, suggesting a lack of strong assortative mixing.

For FCsed, the relation between AC-veg and total sediment output 
appears inconsistent, suggesting that AC-veg is relatively independent of 
total sediment transport (Fig. 5g). Regarding AC-topo, its relation with 
total discharge is inverse to that of AC-veg; AC-topo values become more 
negative as total discharge increases (Fig. 5d), indicating stronger dis-
assortative mixing with higher water flow. For total sediment output, 
the relation of AC-topo mirrors that of AC-veg and is variable (Fig. 5h).

3.3. Node-level connectivity metrics

The mean Weighted Length of Connected Pathways (WLOCOP) is 
higher for the shrubland SC network at 4.98 m compared to 1.11 m in 
the grassland SC network (Fig. 6 d). The shrubland SC also shows greater 
variability in WLOCOP, with a standard deviation of 9.45 m versus 2.01 
m for grassland SC. Visually, the shrubland SC exhibits a wider spread of 
WLOCOP values on the landscape (Fig. 6a-b). Similarly, the average 
Betweenness Centrality (BC) is over 10 times greater in the shrubland SC 
at 31.75 versus only 3.06 in the grassland SC (Fig. 6c-d). The shrubland 
SC has a much wider BC distribution as well, with a standard deviation 
of 76.66 versus just 9.44 in grassland SC. Higher BC suggests the 
shrubland SC contains more critical nodes acting as bridges for potential 
water transfers. However, the Relative Node Efficiency (RNE) is com-
parable between SC networks, with mean values close to zero in grass-
land SC (− 0.080) and shrubland SC (− 0.032). Both SC networks show 
an approximately normal RNE distribution centred on zero (Fig. 6e-f).

The mean WLOCOP is over four times higher in shrubland FChyd, 
(0.20 m) compared to grassland FChyd (0.05 m) under high rainfall 

conditions (Fig. 7a-b), which indicates that individual nodes are inte-
grated into longer pathways, facilitating connected water transfer in 
shrublands. These values are much lower than the WLOCOP for the 
grassland and shrubland SC networks. The distribution of WLOCOP 
values is also wider in shrubland FChyd (std dev = 0.51 m) versus 
grassland FChyd (std dev = 0.15 m) (Fig. 7d). The average BC of nodes in 
the shrubland FChyd network (75.2) is an order of magnitude greater 
than the grassland FChyd network (7.4) (Fig. 7b-e). As with WLOCOP, the 
BC values in shrubland FChyd exhibit much greater variability (std dev =
157.7) than grassland FChyd (std dev = 20.2), indicating that nodes 
within the shrubland FChyd network act as critical bridges for water 
transfers across the landscape. In contrast, the Relative Node Efficiency 
(RNE) is comparable between grassland and shrubland FChyd networks, 
with both centered around zero (grassland mean = -0.13, shrubland 
mean = -0.11) (Fig. 7c,f). The RNE distributions are approximately 
normal for both vegetation states. The similar RNE indicates minimal 
differences in the closeness of node connections between grassland and 
shrubland FChyd networks.

The average WLOCOP is 3 times higher in shrubland FCsed (0.38 m) 
versus grassland FCsed (0.12 m) under high rainfall conditions (Figure a- 
b). The distribution of WLOCOP values is wider in shrubland FCsed (std 
dev = 1.21 m) compared to grassland FCsed (std dev = 0.33 m) (Fig. 8d). 
Similarly, the mean BC of nodes is nearly 10 times greater in shrubland 
FCsed (47.2) relative to grassland FCsed (4.8) (Fig. 8b-e). The BC distri-
bution exhibits higher variability in shrubland FCsed (std dev = 78.6) 
than grassland FC-sediment (std dev = 14.2), indicating that, as with the 
FChyd network, a higher number of nodes in the FCsed network are key 
bridges for sediment transfers. The Relative Node Efficiency (RNE) 
distributions are comparable between grassland and shrubland FCsed 
networks, centered close to zero for both grassland (mean = -0.08) and 
shrubland (mean = -0.07) (Fig. 8c,f), suggesting minimal differences in 
local connection density between the two vegetation states.

Comparisons of WLOCOP, BC, and RNE with spatial discharge and 

Fig. 5. Scatter plots showing the relations between global-scale metrics—(a, e) Centralization Degree (CD), (b, f) Global Efficiency (GE), (c, g) Vegetation Assor-
tativity Coefficient (AC-veg), and (d, h) Microtopography Assortativity Coefficient (AC-topo)—and (a–d) total discharge and (e–h) total sediment transport at the 
hillslope outlet for functional connectivity networks of water (FChyd) and sediment (FCsed), respectively. Data points represent different rainfall events (5 mm, 10 
mm, 15 mm, 24 mm, and 45 mm) and antecedent soil moisture conditions (low, medium, high) for grassland and shrubland ecosystems.
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sediment transport at the node level show that shrubland tends to 
exhibit a wider range and higher maximum values for these metrics than 
grassland (Fig. 9). WLOCOP increases more rapidly with increasing 
discharge or sediment in shrubland compared to grassland (Fig. 9 a,d). 
While BC and RNE generally increase with higher discharge or sediment 
transport, nodes in high-flow or high-transport areas do not uniformly 
exhibit high BC or RNE, resulting in a broader and more variable.

distribution in shrubland (Fig. 9 a,b,e,f).

3.4. Structural and functional connectivity relations

Here, we analyse the relations between structural connectivity (SC) 
and functional connectivity of water (FChyd) and sediment (FCsed) across 
grassland and shrubland for (1) intra-layer correlations (e.g., SC-SC, 
FChyd-FChyd, FCsed-FCsed) and (2) inter-layer correlations (e.g., SC- 
FChyd, SC-FCsed, FChyd-FCsed).

3.5. Intra-layer relations

In grassland with rainfall less than 45 mm rainfall, the intra-layer 
correlations within SC metrics (WLOCOP, BC, RNE) are mostly moder-
ate, with some notable exceptions (Fig. 10). For instance, WLOCOP and 
BC exhibit a positive correlation of 0.42. However, negative correlations 
are also observed within SC metrics e.g., BC and RNE showing a negative 
correlation of − 0.13. In shrubland ecosystems, under the same rainfall 
condition, strong intra-layer correlations are observed. SC metrics show 
strong positive correlations, with WLOCOP and BC having a correlation 
of 0.67.

FChyd metrics in grassland ecosystems demonstrate strong positive 

correlations under 45 mm rainfall, with BC and RNE showing a corre-
lation of 0.61. Similarly, FCsed metrics display strong intra-layer corre-
lations, exemplified by a correlation of 0.86 between BC and RNE. For 
shrubland, FChyd metrics exhibit robust correlations, with BC and RNE 
showing a correlation of 0.88. FCsed metrics maintain strong intra-layer 
correlations, with a correlation of 0.52 between WLOCOP and BC.

At 24 mm rainfall, the intra-layer correlations are strong for most 
metrics. As total event rainfall decreases, the general trend in both 
grassland and shrubland ecosystems is that intra-layer correlations 
within FChyd and FCsed remain consistently strong. However, the pres-
ence of negative correlations within SC metrics indicates some 
complexity in how different metrics capture aspects of structural con-
nectivity. Even at the lowest rainfall level of 5 mm, the strong intra-layer 
correlations persist within FChyd and FCsed metrics in both ecosystems. 
Across the same rainfall amount, shrubland tends to demonstrate 
stronger intra-layer correlations than grassland (Fig. 10).

3.6. Inter-layer relations

In grasslands with rainfall less than 45 mm, the inter-layer correla-
tions between SC and FChyd are moderate, with WLOCOP and BC 
showing a correlation of 0.42 (Fig. 10). The correlations between SC and 
FCsed are weaker, with RNE and BC showing a correlation of 0.30, 
indicating some divergence between structural and sediment connec-
tivity. Nonetheless, the correlations between FChyd and FCsed remain 
strong, with a correlation of 0.67 between BC and BC, indicating a strong 
coupling between water and sediment connectivity.

When rainfall decreases to 24 mm, the pattern in inter-layer corre-
lations in grassland ecosystems remains similar to 45 mm. SC-FChyd 

Fig. 6. Local-scale connectivity metrics for structural connectivity network. Three local-scale metrics i.e. Weighted Length of Connected Pathways, Betweenness 
Centrality and Relative Node Efficiency are presented for grassland and shrubland plots. The spatial plots (a to c) visualize the metric value of each node on the 
landscape, with size of the nodes weighted based on the associated metric value. The boxplots (d to f) show the distribution of values across all nodes for grassland 
and shrubland.
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correlations continue to be moderate, SC-FCsed correlations remain 
weaker, and FChyd-FCsed correlations persist as strong. In both vegeta-
tion types, a lower rainfall tends to reduce the strength of SC to FChyd 
correlations, particularly noticeable at the lowest rainfall level of 5 mm, 

where SC appears least influential on FChyd. Even with variations in total 
event rainfall, the correlation between FChyd and FCsed remains consis-
tently strong across all rainfall and soil moisture conditions in both 
ecosystems, underscoring the tight coupling between hydrological 

Fig. 7. Local-scale connectivity metrics for functional connectivity of water (FChyd) network. Three local-scale metrics i.e. Length of Connected Pathways Weighted, 
Betweenness Centrality and Relative Node Efficiency are presented for grassland and shrubland plots. The spatial plots (a to c) visualize the metric value of each node 
on the landscape under high rainfall total (45 mm) and high antecedent soil moisture condition (21.1 %), with size of the nodes weighted based on the associated 
metric value. The boxplots (d to f) show the distribution of values across all nodes for different amount of rainfall totals (5 mm, 10 mm, 15 mm, 24 mm and 45 mm).

Fig. 8. Local-scale connectivity metrics for functional connectivity of sediment (FCsed) network. Three local-scale metrics i.e. Length of Connected Pathways 
Weighted, Betweenness Centrality and Relative Node Efficiency are presented for grassland and shrubland plots. The spatial plots (a to c) visualize the metric value of 
each node on the landscape under high rainfall total (45 mm) and high antecedent soil moisture condition (21.1 %), with the size of the nodes weighted based on the 
associated metric value. The boxplots (d to f) show the distribution of values across all nodes for different amounts of rainfall totals (5 mm, 10 mm, 15 mm, 24 mm 
and 45 mm).
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connectivity and sediment connectivity.

4. Discussion

In this study, we utilized network metrics to examine differences in 
connectivity across grassland and shrubland hillslopes. We quantified 
the structural connectivity (SC) of these landscapes to investigate how it 
influences functional connectivity (FC). Our analysis distinguished be-
tween hydrological functional connectivity (FChyd) and sediment func-
tional connectivity (FCsed), focusing on their responses to variations in 
vegetation type and environmental conditions, such as event rainfall and 
antecedent soil moisture. Initially, we analyzed the global and local- 
scale characteristics of SC and FC. We then explored the types and 
strengths of SC-FC relations within grassland and shrubland hillslopes.

4.1. Local connectivity patterns

The network analysis presented in this study provides a compre-
hensive quantification of the extensive reworking of localized connec-
tivity patterns associated with the transition from grassland to 
shrubland ecosystems (Figs. 6-8).

Node-level metrics, particularly WLOCOP, provide quantitative evi-
dence about where (i.e. spatial locations) and when (i.e. under which 
environmental conditions) shrub encroachment fundamentally alters 
local connectivity, echoing previous observations (Wainwright et al. 
2002a, Turnbull et al. 2008, and Okin et al. 2009). These changes 
concentrate flow and modify resource distribution, fundamentally 
altering the landscape’s ecological dynamics (Bestelmeyer et al., 2011). 
The quadrupled increase in SC, characterised by the WLOCOP (Fig. 6), 
demonstrates a clear shift in network topology between grassland and 

shrubland hillslopes, likely shaped by long-term structural–functional 
feedbacks (Crompton et al., 2023; Maestre et al., 2016; Turnbull & 
Wainwright, 2019; Voutsa et al., 2021).

Furthermore, our analysis of FChyd and FCsed also shows a distinct 
difference in WLOCP between the grassland and shrubland hillslopes, 
but only for the larger rainfall events and wetter antecedent soil mois-
ture conditions that amplify the runoff and erosion response of the 
system (Turnbull et al., 2010b). Notably, WLOCP is higher over shrub-
land for moderate events (e.g. total event rainfall 10 mm), indicating the 
connectivity of water and sediment over greater distances in comparison 
with the same rainfall event over grassland where a mean WLOCOP 
close to 0 indicates virtually no redistribution of resources along con-
nected edges between nodes.

Betweenness Centrality (BC) further identifies nodes within the 
network where numerous flow pathways both converge and diverge, 
highlighting their strategic importance in the control and distribution of 
flows throughout the system. Higher BC values in shrublands for SC and 
FC (Figs. 6-8) highlight the emergence of critical flow pathways in the 
intershrub areas via SC-FC feedbacks, that become persistent and resil-
ient features within the system (Turnbull et al., 2008). In essence, SC-FC 
feedbacks – induced by a change in vegetation and concurrent changes 
in microtopography and soil properties – causes a change in the network 
structure, essentially rewiring the system by favouring well-developed 
pathways in intershrub areas (Wainwright et al., 2002). Enhanced 
runoff-runon dynamics underpin the increased node-level connectivity 
metrics (WLOCP, BC), reflecting the capture or channelization of re-
sources by vegetated patches, depending on the microtopography of the 
vegetated patches. This phenomenon generates substantial heteroge-
neity in partitioning and timing of resource transfer (Mayor et al., 2013), 
with scattered zones of concentrated and well-connected flows (Figs. 7- 

Fig. 9. Scatter plots showing relations between local-scale metrics under high rainfall total (45 mm) and high antecedent soil moisture condition (21.1 %)— 
Weighted Length of Connected Pathways (WLOCP), Betweenness Centrality (BC) and Relative Node Efficiency (RNE)—with spatially explicit output of discharge 
(a–c) and sediment transport (d–f) for the functional connectivity networks of water (FChyd) and sediment (FCsed), respectively.
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8). Importantly, our results reveal that the extremely high WLOCOP and 
BC values remain localized along long connected pathways (Figs. 6-8), 
failing to propagate broader connectivity collapse over the entire hill-
slope i.e. majority of nodes have a high value of WLOCP and BC. This 
finding of localised connectivity patterns contrasts with the notion of 
widespread connectivity breakdown in shrublands and instead high-
lights the presence of critical nodes where localized modifications could 
drive broader connectivity shifts to support restoration or resilience 
(Maestre et al., 2016a; Scheffer and Carpenter, 2003; Turnbull et al., 
2012).

Additional insights into local connectivity patterns emerge from 
examining how node-level metrics vary with local discharge and sedi-
ment transport at the scale of individual nodes (Fig. 9). WLOCOP in-
creases exponentially with spatial discharge in shrubland, whereas in 
grassland the relation is more moderate, suggesting that shrub- 
dominated areas develop stronger localized connectivity under similar 
forcing conditions. A similar pattern is observed for sediment transport, 
where shrubland nodes display steeper increases in WLOCOP, indicating 
that these nodes can rapidly become key conduits for resource flow as 
sediment fluxes rise (Mayor et al., 2013; Okin et al., 2009).

In contrast, BC and RNE exhibit more variable and irregular relations 
with spatial discharge and sediment transport. Although higher 
discharge or sediment flux often corresponds to higher BC and RNE 
values, nodes with low BC and RNE persist even within high-flux areas. 
This scattered distribution implies that local-scale connectivity in 
shrublands remains heterogeneous, with certain nodes attaining 
disproportionately high importance only under specific conditions. The 
broader variability and extreme values observed in shrubland FC net-
works highlight their enhanced sensitivity to changes in local resource 
inputs. Such patterns could inform targeted management interventions, 
for instance, stabilizing key nodes in shrubland areas to reduce vulner-
ability to localized erosion or to improve resource retention and 

distribution (Turnbull and Wainwright, 2019).

4.2. Global connectivity patterns

Despite the extensive reorganization of local connectivity patterns, 
our analysis reveals distinct but less drastic differences in the global 
network properties of both grassland and shrubland ecosystems for all 
connectivity types: SC, FChyd, and FCsed. The SC networks for grassland 
and shrubland exhibit differences in link densities and global efficiencies 
(Fig. 4), indicating that the overall network topology, at larger spatial 
scales, is influenced by vegetation structure (Crucitti et al., 2003). 
Specifically, the GE of the SC network in shrubland (2.88 x 10-6) is 
higher than in grassland (1.10 x 10-6), suggesting a more efficient 
resource distribution system in shrubland under the assessed conditions. 
Furthermore, the GE for FChyd is approximately three times higher in 
shrubland compared to grassland under high rainfall and soil moisture 
conditions. This pattern reflects a greater efficiency in hydrological 
connectivity in shrubland. Similarly, for FCsed, the GE significantly in-
creases with rainfall, indicating that sediment connectivity is highly 
sensitive to precipitation variations. This finding aligns with empirical 
observations of long-term stability in grass-to-shrub boundary dynamics 
(Peters et al., 2020), indicating that the network’s inherent properties 
allow for the redirection of resource flows around localized 
disturbances.

The Centralization Degree (CD) within the SC network remains low 
in both grassland (0.0011) and shrubland (0.0013), reinforcing the 
decentralized nature of these networks, which enhances their resilience 
by facilitating the rerouting of resources in response to disturbances 
(Fig. 4). This low degree of centralization supports ecological stability 
on dryland hillslopes by distributing connectivity and reducing vulner-
ability to localized disruptions (Newman, 2006; Turnbull et al., 2008; 
Wainwright et al., 2002). However, CD in FChyd and FCsed networks, 

Fig. 10. Correlation matrices showing the relations between nine node-level connectivity metrics for grassland (top row) and shrubland (bottom row) ecosystems 
under five rainfall events: 45 mm, 24 mm, 15 mm, 10 mm, and 5 mm (columns). The nine metrics include: Weighted Length of Connected Pathways (WLOCOP), 
Betweenness Centrality (BC), and Relative Node Efficiency (RNE) for structural connectivity (SC); and similar metrics for functional connectivity of water (FChyd), 
and functional connectivity of sediment (FCsed). Each subplot displays the Pearson correlation coefficients (r) between all pairs of metrics, with colour intensity 
indicating the strength and direction of the correlation. Intra-layer correlations (SC-SC, FChyd-FChyd, and FCsed-FCsed) and inter-layer correlations (SC-FChyd, SC-Fsed, 
and FChyd-FCsed) are represented within each subplot. Empty cells denote conditions where no network exists under the specified climate conditions. The main 
diagonal values in each subplot are always 1, as they represent the correlation of a metric with itself. All correlations are presented for high soil moisture conditions 
and are statistically significant (where p-value < 0.05). The intra-layer SC relations do not depend on rainfall amount.
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while generally low, shows a slight increase with rainfall. This variation 
indicates a dependency on hydrological and sedimentary dynamics for 
connectivity centralization, particularly noted in shrubland where CD 
values rise more distinctly with increased precipitation.

A notable trend is the increase in CD from the upslope to the 
downslope regions across all three network types (SC, FChyd, and FCsed). 
In both ecosystems, this upslope-to-downslope increase suggests that 
lower areas tend to assume more central roles, likely due to gravity- 
driven processes that enhance both water and sediment flow down-
ward (Bracken and Croke, 2007). However, the increase in CD is 
significantly more pronounced in shrubland than in grassland. This 
pronounced effect highlights the influence of vegetation structure on 
connectivity dynamics, where shrubs potentially act as focal points for 
resource accumulation, intensifying the flow convergence and connec-
tivity in downslope regions (Abrahams et al., 1995; Dickie and Parsons, 
2012; Turnbull and Wainwright, 2019; Wilcox et al., 2022).

Despite these variations, the resilience of the global network topol-
ogy − referring to the overall interconnectivity and efficiency of the 
networks − can be attributed to the presence of path redundancy. In the 
context of this system, path redundancy means that multiple pathways 
exist for resource flow, so if one pathway is blocked or disrupted, others 
can take over the function, ensuring continuous connectivity. This 
redundancy enables the networks to reroute resource flows when critical 
nodes are disrupted (Eichel et al., 2023, 2016; Ventresca and Aleman, 
2015), a key mechanism that maintains functionality despite significant 
changes in local connectivity patterns (Figs. 6-8)). For instance, during 
heavy rainfall, shrub encroachment might block certain flow paths, but 
the presence of multiple pathways ensures that water and sediment can 
still reach downslope areas, albeit through different routes. This 
adaptability is particularly crucial in dryland landscapes, known for 
their pulsed resource inputs, where path redundancy ensures stability 
amid environmental fluctuations (Bestelmeyer et al., 2013). The marked 
resilience is evident not only in maintaining the global network struc-
ture but also in the networks’ ability to adapt locally. As individual 
patches within shrublands undergo reconfiguration, alternative path-
ways are created, preserving essential network capacities and under-
scoring the networks’ capacity to withstand vegetation shifts and 
associated redistributions of resources (Okin et al., 2009; Turnbull and 
Wainwright, 2019). This dynamic interplay between local adjustments 
and global stability highlights the critical role of path redundancy in 
sustaining ecological functions across arid landscape conditions.

Furthermore, the modular structure of the networks over grassland 
and shrubland, characterized by the presence of disconnected sub-
networks (low CD and GE values), enhances the overall resilience of the 
system by limiting the propagation of disturbances such as concentrated 
erosion events across the entire network (Bodin and Norberg, 2007; 
Krause et al., 2003; Newman, 2006). This compartmentalization is 
particularly important in dryland ecosystems, where the spatial het-
erogeneity of vegetation and soil properties can create natural barriers 
to connectivity (Okin et al., 2009).

The observation that local differences in connectivity do not signif-
icantly affect the global network properties suggests that the system has 
a high degree of modularity or compartmentalization (Newman, 2006). 
This network structure is defined by semi-autonomous subnetworks 
capable of independently adjusting to local environmental changes, 
thereby safeguarding the broader network functionality (Bodin and 
Norberg, 2007; Krause et al., 2003). This aspect of compartmentaliza-
tion is crucial, particularly in dryland ecosystems where the spatial 
heterogeneity of vegetation and soil properties can act as natural bar-
riers that control connectivity (Okin et al., 2009). This modular design 
not only aids in resilience to environmental variability but also effec-
tively limits the propagation of disturbances, such as concentrated 
erosion events and invasive species spread, across the entire network. By 
isolating these disturbances, the network prevents widespread ecolog-
ical impacts, ensuring that localized disruptions do not escalate into 
systemic failures. This capacity to contain disturbances enhances the 

system’s overall resilience, maintaining ecological function and stability 
even under conditions of environmental stress.

The uniform near-zero assortativity coefficient points to factors 
beyond the studied traits such as high vegetation densities or micro-
topographic relief primarily govern network positioning. While the 
assortativity for vegetation cover is weakly positive in SC networks of 
both grassland (AC-veg = 0.0635) and shrubland (AC-veg = 0.1937), 
suggesting a subtle preference for structural connectivity between nodes 
with similar vegetation densities, the effect is not pronounced. This 
variation underscores the impact of specific environmental conditions, 
such as sediment transport dynamics and hydrological connectivity, on 
vegetation-driven network formation. Conversely, the assortativity for 
microtopography in the SC network is strongly disassortative (AC-topo 
around − 0.4), highlighting that structural connections frequently occur 
between nodes with significantly different relief. This pattern is espe-
cially pronounced in the FChyd networks of shrubland, where the AC- 
topo reaches − 0.7 in upslope areas, indicating a dominant influence of 
topographic relief over vegetative similarity in determining connectiv-
ity. In FC networks within grasslands, the vegetation assortativity co-
efficient is close to zero, indicating a lack of correlation between 
connectivity and vegetation density. This suggests that areas of differing 
vegetation densities are just as likely to be connected as areas with 
similar densities. However, in shrubland, the coefficients for FChyd and 
FCsed increase to approximately 0.2 and 0.4, respectively, indicating a 
stronger tendency for connectivity among nodes with similar vegetation 
under these conditions. This variation underscores the impact of specific 
FC type, such as FChyd and FCsed, on vegetation-influenced connectivity 
network formation.

These results collectively suggest that geographic proximity, driven 
by topography, primarily dictates connections within these networks, 
overriding localized vegetative patterns. However, the central position 
within the directed network, particularly in mid-slope areas, exerts a 
significant influence, with assortativity varying independently of 
external factors like rainfall and soil moisture.

Further insights into global connectivity patterns emerge when 
considering the relations between global metrics and total resource 
outputs (Fig. 5). As total discharge increases, both CD and GE rise more 
steeply in shrubland than in grassland, indicating that shrub-dominated 
hillslopes translate higher runoff volumes into more centralized and 
efficient connectivity configurations. Similar trends are observed for 
total sediment export, where significant increases in CD and GE in 
shrubland occur primarily under the highest rainfall scenarios. These 
findings suggest that vegetation structure strongly modulates the 
response of network-level connectivity to hydrological forcing, echoing 
previous studies that link vegetation transitions to altered erosion and 
runoff regimes (Bestelmeyer et al., 2018; Bracken et al., 2015; Turnbull 
et al., 2008). Moreover, the contrasting responses of AC-veg and AC- 
topo to increasing discharge underscore that different structural attri-
butes influence connectivity dynamics in distinct ways. While AC-veg 
tends to shift from neutral to more positive values in shrubland as 
discharge intensifies, AC-topo becomes increasingly negative, reinforc-
ing the key role of topographic variation in shaping network organiza-
tion (Caylor et al., 2009; Okin et al., 2009).

4.3. Structure-Function relations

A unique insight afforded by the network-based connectivity analysis 
is illuminating when and how landscape structure governs ecosystem 
functioning. By quantifying the relations between the structural con-
nectivity (SC) and functional connectivity (FC) of water and sediment, 
we can better understand the complex connectivity dynamics across 
scales and process domains.

Our results show that sediment connectivity (FCsed) exhibits a much 
tighter coupling to system structure (SC) than hydrologic connectivity 
(FChyd) (Fig. 8). This difference can be attributed to the distinct gov-
erning processes of sediment and water transport (Parsons et al., 1994; 
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Turnbull et al., 2010a). Sediment transport is primarily linked to 
topography and has low mobilization thresholds due to processes of 
raindrop erosion, which includes both raindrop detachment and splash 
(Wainwright et al., 2002). As a result, sediment flows are more readily 
trapped and channelled by structural landscape factors, and these 
structural legacies can persist for years, shaping observed sediment 
transfers even following major storm events (Nichols et al., 2018).

In contrast, hydrological connectivity shows a more dynamic 
response to variable rainfall, indicating a degree of independence from 
static landscape structures during active rainfall period (Wainwright 
et al., 2002). This finding challenges the common conceptual model that 
identifies topography and surface cover mosaics as the principal factors 
governing water redistribution (Thompson et al., 2014). However, it is 
important to clarify that this relative independence of FChyd from 
landscape structure is specifically noted during active rainfall. In the 
absence of precipitation, landscape structure predominates, influencing 
water movement significantly. Thus, the activation of FChyd is highly 
conditional, depending on rainfall presence and intensity.

Our results suggest that infiltration excess and saturation excess 
runoff processes respond more directly to variable precipitation char-
acteristics than to static landscape boundaries. It is important to note 
that the flow routing in the model used in this study is based on steepest 
descent, which means that hydrologic connectivity is not entirely 
decoupled from the landscape structure. However, our analysis of the 
relation between structural and functional connectivity for different 
rainfall events (Fig. 10) reveals that the strength of the coupling between 
structure and function can vary depending on the magnitude of the 
rainfall event. This finding highlights the importance of considering the 
temporal dynamics of connectivity in dryland ecosystems, where the 
frequency and intensity of rainfall events can have a significant impact 
on resource redistribution (Turnbull et al., 2012). For example, under 
sufficiently large flows, “structurally disconnected areas” due to vege-
tation sinks can become hydrologically connected, demonstrating how 
extreme events can temporarily override structural constraints 
(Turnbull and Wainwright, 2019). These findings that larger, more 
intense rainfall events can temporarily override structural constraints 
and enhance SC-FC feedbacks (Fig. 10) have important future implica-
tions. As climate projections suggest an increase in the frequency and 
intensity of extreme rainfall events in many dryland regions (IPCC, 
2021), the role of rainfall-driven processes in shaping connectivity may 
become even more pronounced. Under more frequent large flows, the 
coupling between structure and function could strengthen, leading to 
greater resource redistribution, enhanced erosion potential, and more 
dynamic connectivity regimes. This shifting baseline of connectivity in 
response to climate change highlights the need for adaptive manage-
ment strategies—those that anticipate increases in event magnitude and 
target key structural elements to mitigate erosion risk, maintain 
resource retention, and preserve ecosystem resilience (Turnbull and 
Wainwright, 2019; Turnbull et al., 2012).

This nuanced understanding of SC-FC interactions is further refined 
by integrating metrics such as betweenness centrality (BC) and relative 
node efficiency (RNE), advancing previous methodologies that 
compared SC and FC using indices like the Relative Connectivity Index 
(Turnbull and Wainwright, 2019).

Our analysis indicates that both intra-layer and inter-layer correla-
tions vary with rainfall intensity. In grassland and shrubland ecosys-
tems, strong intra-layer correlations persist within FChyd and FCsed 
across different rainfall conditions, suggesting a robust internal coher-
ence in how water and sediment are processed within each connectivity 
domain. Inter-layer correlations, however, illustrate that while struc-
tural connectivity moderately influences hydrological processes, its 
impact on sediment connectivity is more pronounced.

These insights confirm that the structure–function relations in 
dryland ecosystems are not only complex but also highly dependent on 
specific resource dynamics. For sediment, structural constraints signif-
icantly govern redistribution; however, water flows demonstrate greater 

adaptability, capable of rerouting to maintain functionality despite 
disruptions. This differential responsiveness underscores the importance 
of targeted management strategies that can selectively address sediment 
and water connectivity to mitigate soil erosion while ensuring essential 
resource distribution within these fragile ecosystems.

4.4. From understanding to Action

Our improved understanding of connectivity dynamics in these sys-
tems using network-based metrics has great potential to inform targeted 
management actions. The insights gained from this study can guide 
specific interventions tailored to the distinct connectivity patterns of 
grassland and shrubland ecosystems. Turnbull et al. (2012) proposed 
enhancing resource retention in grasslands and manipulating flow paths 
in shrublands, and our network-based approach provides a quantitative 
framework for optimizing their implementation and evaluating the 
effectiveness of such interventions.

Our findings underscore the utility of local-scale connectivity met-
rics, such as WLOCOP and betweenness centrality (BC), which have 
demonstrated clear differences between grassland and shrubland eco-
systems. These local metrics are highly responsive to vegetation transi-
tions, making them valuable for detecting early warning signals of 
ecological regime shifts (Kéfi and Couteron, 2018). For example, a sys-
tematic increase in BC might indicate an emerging connectivity pattern 
that could precede significant ecosystem changes, offering managers a 
crucial window for intervention to prevent or mitigate potential declines 
in ecosystem health.

While global network metrics like global efficiency did not exhibit 
drastic differences between the two states, they provide a broad view of 
system stability. However, the more pronounced local connectivity 
changes observed in shrublands suggest that interventions at this scale 
might be more impactful (Peters et al., 2020; Turnbull and Wainwright, 
2019). It is critical, however, to consider that altering connected flow 
paths in shrublands could paradoxically enhance the connectivity of 
degraded states, potentially stabilizing undesirable conditions.

More broadly, the network-based framework presented here serves 
as a blueprint for exploring connectivity dynamics across diverse 
spatiotemporal contexts (Tiwari et al., 2024). The approach demon-
strated here for end-member vegetation states points to the potential of 
local-scale connectivity metrics characterize patterns and reorganiza-
tion rates in systems undergoing changes in vegetation state, potentially 
providing new insights into the role of connectivity in driving regime 
shifts (Turnbull et al., 2008) and the early warning signals that may 
precede them (Peters et al., 2006). Our multi-scale approach, which 
quantifies connectivity at both local and global scales (Figs. 3–7), is 
particularly well-suited for this type of comparative analysis, as it cap-
tures the complex interactions between fine-scale processes and 
landscape-level patterns. While global metrics provide a snapshot of 
overall system stability, local metrics offer actionable insights that can 
guide more precise and effective management interventions.

The network-based framework developed in this study provides a 
robust approach for exploring the multi-scale connectivity dynamics in 
dryland ecosystems (Bestelmeyer et al., 2011; Hervías-Parejo et al., 
2020; Jacquet et al., 2022; Kleineberg et al., 2016; Maestre et al., 2022; 
Pilosof et al., 2017). Future research could extend this approach to 
investigate the impacts of different types of disturbances, such as fire or 
grazing, on connectivity patterns and resilience (Okin et al., 2009; Saco 
et al., 2020). The integration of additional data sources, such as remote 
sensing imagery could help us to validate the observed structural con-
nectivity patterns at larger spatial scales (Mueller, 2014).

Moreover, the application of the network-based framework to other 
dryland ecosystems, such as savannas or steppes, could provide valuable 
insights into the generality of the patterns and processes identified in 
this study (Caylor et al., 2009; King et al., 2012). Comparative analyses 
across different ecosystems could help to identify common principles 
and mechanisms that govern connectivity and resilience in drylands, as 
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well as to highlight the unique features and challenges of each system 
(Maestre et al., 2022).

Finally, the integration of the network-based approach with other 
modelling frameworks, such as agent-based models or ecosystem service 
models, could provide a more comprehensive understanding of the 
complex interactions between connectivity, ecosystem function, and 
human well-being in dryland landscapes (Bodin and Saura, 2010; James 
et al., 2013). Such integrated models could inform the development of 
more sustainable and resilient land management strategies that balance 
the needs of both people and nature in these fragile and dynamic 
ecosystems.

5. Conclusion

This research highlights the effectiveness of network-based ap-
proaches in unraveling the complex connectivity dynamics that under-
pin dryland resilience. Employing a weighted, directed network 
methodology has allowed us to quantify changes in system connectivity 
across multiple scales comprehensively. This network-based approach 
goes beyond simplistic binary metrics to capture the dynamics in con-
nectivity pathways and reveals significant changes in local connectivity 
patterns during the transition from grassland to shrubland ecosystems.

Our analysis has allowed a comprehensive, quantitative assessment 
of variations in structural and functional connectivity across grassland 
and shrubland, providing clear evidence that pronounced local con-
nectivity changes, such as quadrupled increase in WLOCP and height-
ened BC in shrublands (Figs. 6–9), do not uniformly influence global 
network properties like GE and LD (Figs. 4 and 5). Despite substantial 
local alterations, the consistency in global network metrics underscores 
an inherent resilience within the network’s topology, ensuring that 
overall ecosystem functionality is maintained despite individual patch 
modifications. This resilience supports the notion that grassland and 
shrubland endmember states, while functionally distinct, are inherently 
stable, supporting the endmember stability model proposed by Turnbull 
et al. (2008).

We have shown how network analysis enables deeper interrogation 
of structure-functioning relations. Specifically, the heightened sensi-
tivity of sediment transport to landscape structure compared to hydro-
logic connectivity (Fig. 10) illustrates the contrasting controls on these 
two processes. This finding has important implications for management 
strategies, as it suggests that interventions aimed at decoupling sediment 
fluxes from water and nutrient flows could be effective in combating soil 
loss while maintaining essential resource redistribution in dryland 
ecosystems.

The application of network analysis in this study not only enriches 
our understanding of vegetation shifts and ecosystem transformations 
but also aligns with broader geomorphic studies. Previous studies have 
demonstrated how geomorphic processes like erosion and sediment 
deposition are interconnected across landscapes (Cossart and Fressard, 
2017; Heckmann et al., 2015; Sarker et al., 2019), similar to our ob-
servations in dryland ecosystems where shifts in vegetation notably alter 
hydrological and sediment transport pathways. For example, just as 
Sarker et al., (2019) explored how river connectivity impacts sediment 
dynamics downstream, our findings illustrate how shrub encroachment 
influences resource redistribution across hillslopes. This influence on 
resource distribution is particularly evident through our analysis of 
betweenness centrality (BC) and weighted length of overland flow paths 
(WLOCOP), which revealed abrupt connectivity shifts in shrublands 
affecting erosion and sediment deposition during rain events.

These observations underscore the responsiveness of local in-
teractions, such as water flow and sediment movement, in shaping 
global network properties and enhancing ecosystem resilience. This 
streamlined approach affirms the importance of network metrics in 
understanding complex environmental dynamics across varying condi-
tions, bridging findings from river and proglacial systems to dryland 
ecosystems.

The utility of network science in this research reveals new di-
mensions of connectivity dynamics that are critical for understanding 
vegetation shifts and other ecosystem transformations. By providing a 
flexible framework for quantifying changes in complex pattern-process 
relations, this methodology enhances our understanding of dryland 
resilience. Future research could expand network approaches to inte-
grate habitat, hydrologic, and sediment connectivity, offering a more 
holistic view of the interactions within social-ecological systems.

As climate change and human activities intensify pressures on fragile 
dryland regions, the insights gained from this study will be instrumental 
in formulating scale-aware management strategies. By capturing the 
intricate multi-level reconfigurations accompanying vegetation shifts in 
arid systems, our network-based approach not only enriches the scien-
tific discourse on ecosystem management but also supports broad ap-
plications across diverse environmental contexts, thereby advancing our 
capacity to sustain dryland resilience amid global changes.

6. Open research

The network analyses presented in this research were conducted 
using MATLAB 2023 The MathWorks Inc, 2023, employing its graph 
functions to evaluate both global and local connectivity patterns. The 
underlying data supporting these analyses are derived from previously 
published works, specifically Laura Turnbull, Wainwright, Brazier, 
et al., 2010 and Laura Turnbull & Wainwright, 2019.

To ensure transparency and reproducibility, the MATLAB code used 
for these analyses, along with the data, is openly available in the 
following GitHub repository: https://github.com/shubhamrt/Dryland 
ConnectivityAnalysis.
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