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Abstract 15 

While connectivity studies are becoming common in the Earth sciences, disconnectivity has 16 

received much less attention. Sediment storage is the direct result of sediment disconnectivity 17 

and can provide concrete evidence of the spatial patterns of disconnectivity at the catchment-18 

scale. In this study we explore the catchment-scale sediment dynamics of the Tahoma Creek 19 

watershed, a high-gradient glacio-volcanic landscape, within a sediment budget framework and 20 

identify and map sources of disconnectivity to determine if they explain the spatial patterns and 21 

estimated efficiencies of sediment transfers. We found that up to 80% of the total eroded 22 

sediment is sourced from the proglacial zone. The proglacial zone is characterized by high 23 

connectivity resulting from frequent debris flows and floods, and rapidly responds to changing 24 

conditions. Down valley however, sources of disconnectivity become increasingly more 25 

prevalent, the hillslopes become decoupled from the channel, and a majority of the eroded 26 

sediment is redeposited with as little as ~15% reaching the outlet. The spatial distribution of 27 

sources of disconnectivity and their upslope affected areas explains, to a large degree, 28 

catchment-scale sediment dynamics and sediment transfer efficiencies and is in close agreement 29 

with quantitative connectivity estimates. We find that steep, glaciated watersheds are 30 

predominantly disconnected over human timescales and suggest that disconnectivity is the 31 

dominant state of landscapes over most timescales of interest. Mapping sources of 32 

disconnectivity provides a straightforward and concrete approach to estimating system 33 

disconnectivity and can increase confidence when paired with quantitative indices.   34 

 35 

Plain Language Summary 36 
Mountain watersheds supply freshwater and sediment to downstream river systems, affecting 37 

flooding, fish habitat, and water quality. We argue that understanding the spatial and temporal 38 

patterns of sediment movement within a landscape requires knowing where and for how long 39 

sediment is stored, and the overall efficiency of sediment transfer between different parts of the 40 

landscape. We illustrate the importance and utility of mapping landforms and landscape 41 

characteristics that delay or disrupt sediment movement using the Tahoma Creek watershed as an 42 

example. This watershed drains a portion of Mount Rainier, a volcano shaped by glaciers in 43 

Washington, USA, and is incredibly dynamic. We find that landforms and landscape 44 

characteristics that limit sediment movement are common, and that mapping them gives an 45 

accurate picture of sediment movement patterns. Glaciers dramatically reshape the landscape, 46 

which controls sediment supply and movement patterns, and their legacy remains for thousands 47 

of years after they retreat. We also make use of high-resolution elevation data representing the 48 

land surface in 2002, 2008, and 2012 to quantify how much erosion, transport, and deposition 49 

occurred and how efficiently sediment was transported. We find that sediment is transported 50 

more efficiently during extreme events, such as the 2006 floods.  51 

 52 

1 Introduction 53 

Mountain watersheds supply freshwater and sediment to downstream river systems, affecting 54 

flooding, fish habitat, and water quality. The movement of water and sediment within a 55 

landscape is dependent on coupling between upstream sediment sources and downstream river 56 



Journal of Geophysical Research: Earth Surface 

 

systems, and more generally, landscape connectivity. While connectivity is becoming an 57 

increasingly popular topic of study (Slaymaker & Embleton-Hamann, 2018; Najafi et al., 2021), 58 

investigations that explicitly consider disconnectivity remain relatively uncommon (some key 59 

exceptions include: Walling, 1983; Fryirs et al. 2007ab; Fryirs, 2013; Hoffmann, 2015; Grant et 60 

al., 2017).  61 

Within the literature, the infrequent and spatially limited nature of mass and energy transfer 62 

within systems is often noted (e.g., Hoffmann, 2015; Repasch et al., 2020; Ben-Israel et al., 63 

2022), suggesting that disconnectivity is the more common state of geomorphic systems (an idea 64 

explored further in this paper). We define disconnectivity as the dominant but inefficient state of 65 

a system in transferring matter and energy within and between system components. This 66 

definition modifies previous definitions (Chorley & Kennedy, 1971; Wohl et al., 2018), with 67 

additional emphasis on the fragmented and inefficient nature of most landscapes. Disconnectivity 68 

occurs as a result of landforms (Fryirs et al., 2007a), bio-geomorphic characteristics of the 69 

system (i.e., vegetation [e.g., Cienciala, 2021], slope [ e.g., Cavalli et al., 2013], network 70 

structure [e.g., Cossart & Fressard, 2017; Gran & Czuba, 2017], etc.), negative process-form 71 

feedbacks (Cossart, 2008; Lane et al., 2017), thresholds (Schumm, 1979), and process 72 

discontinuity (Grant et al., 2017) that reduce the efficiency of sediment transfer through storage. 73 

A consideration of disconnectivity is required to explain sediment storage patterns and landscape 74 

morphology (Hoffmann, 2015), interpret sedimentary archives, explain buffering of climatic or 75 

tectonic signals and system response times (Tofelde et al., 2021; Ben-Israel et al., 2022), and 76 

explain landscape resilience (Fryirs, 2017; Lisenby et al., 2020). Disconnectivity is also required 77 

to explain how and why landscapes can be in a state of disequilibrium with current processes and 78 

conditions, a fundamental consideration for previously glaciated landscapes (Church & Ryder, 79 

1972; Ballantyne, 2002). Connectivity on the other hand, may be defined as the spatially and 80 

temporally limited efficient state of a system in transferring matter and energy within and 81 

between system components. Wohl et al. (2018) provides a useful review of the subject, 82 

including what we (field of geomorphology) do and don’t yet know. 83 

Many mountainous landscapes have been repeatedly reshaped and reorganized by glacial cycles 84 

throughout the Quaternary Period. Glacial retreat since the Last Glacial Maximum has resulted in 85 

non-glacial processes operating on relict glacial topography and process-form disequilibrium, so 86 

that topographic signatures don’t match contemporary geomorphic process domains (Brardinoni 87 
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& Hassan, 2006). As a result, glacial and postglacial landscapes alike are dynamic, complex, and 88 

heterogeneous systems shaped by a variety of processes. Remnant glacial deposits are often thick 89 

and unconsolidated, making them important sources of sediment when accessible. In British 90 

Columbia, a positive relation was found between specific suspended sediment and drainage area 91 

for basins up to 30,000 km2 due to secondary reworking of glacial sediments (Church & 92 

Slaymaker, 1989). Glaciofluvial terraces, for example, have been identified as important sources 93 

of sediment in postglacial basins (Reid et al., 2021; Scott & Collins, 2021). While research in 94 

postglacial systems has primarily focused on aspects of paraglacial sedimentation (Church & 95 

Ryder, 1972), few studies have explored the degree to which glacial landscapes are uniquely and 96 

highly fragmented.  97 

It is also important to note that while the term disconnectivity became prevalent only recently, 98 

the concept has been inferred for a long time when calculating sediment budgets (Dietrich et al., 99 

1982). A sediment budget is a quantitative description of the rates of production, transport, and 100 

export of sediment that incorporates changes in storage, and specifies the contribution from 101 

different processes (Dietrich et al., 1982; Reid & Dunne, 1996; Hinderer, 2012; Reid & Dunne, 102 

2016). In conceptualizing the system as a sediment cascade through temporary sediment stores, 103 

sediment budgets can reconcile the contemporaneously continuous and discontinuous processes 104 

that operate over different timescales (Grant et al., 2017) and therefore facilitate studies of 105 

disconnectivity. 106 

Fryirs et al. (2007a) presents a useful categorization system of sources of disconnectivity. In this 107 

system, sources of disconnectivity are classified as buffers, barriers or blankets based on whether 108 

they prevent sediment from entering the channel (lateral disconnectivity), disrupt sediment 109 

moving along the channel (longitudinal disconnectivity), or prevent vertical reworking of 110 

sediment through smothering (vertical disconnectivity), respectively (Fryirs et al., 2007ab; 111 

Fryirs, 2013). Disconnectivity is a key property of the system. A given landscape’s tectonic and 112 

climatic history results in unique valley geometry, spatial organization of landform assemblages, 113 

and topographic complexity, which controls the spatial patterns of hillslope-channel coupling 114 

and sediment disconnectivity (Hassan et al., 2018). Disconnectivity in turn controls the location 115 

and volume of sediment inputs to the channel and subsequently channel morphology, channel 116 

geometry, and bed texture (Hassan et al., 2018, Reid et al., 2021). Channel characteristics 117 

determine the functioning of the fluvial system including channel stability and migration (Eaton 118 
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et al., 2020), flooding and its’ geomorphic effectiveness (Al-Ghorani et al., 2022), and aquatic 119 

ecosystems (e.g., Cienciala and Hassan, 2013). An understanding of disconnectivity is then 120 

required to interpret the system at different scales, both temporal (e.g., geomorphic effectiveness 121 

of floods relating to tectonic and glacial cycles), and spatial (e.g., channel bed texture relating to 122 

valley geometry). However, the utility of disconnectivity has not been fully explored.  123 

This paper aims to illustrate the link between contemporary processes operating on a 124 

mountainous landscape shaped by glaciations, the location, types, and relative abundance of 125 

sources of disconnectivity, and the resulting spatial patterns of sediment dynamics and transfer 126 

efficiencies. In particular we (i) explore the catchment-scale sediment dynamics of a high-127 

gradient glacio-volcanic landscape within a sediment budget framework utilizing multitemporal 128 

high-resolution DEMs and fieldwork data, and (ii) identify and map sources of disconnectivity to 129 

determine if they explain the spatial patterns and estimated efficiencies of sediment transfers. We 130 

present general descriptions of sources of disconnectivity that might be found in similar high-131 

mountain, glaciated watersheds and discuss the utility of using them to gain understanding of 132 

sediment dynamics. The Tahoma Creek watershed is spatially heterogeneous and dynamic, 133 

making it an ideal location to illustrate sources of disconnectivity. Additionally, the spatial 134 

patterns of sources of disconnectivity are compared to previously published quantitative 135 

estimations of connectivity in this basin (Turley et al., 2021). 136 

2 Study Site 137 

The Tahoma Creek Watershed drains approximately 40 km2 of the southwest flank of təqʷuʔmaʔ 138 

(Mount Rainier), an active stratovolcano within the Cascade Range of Washington, USA, in the 139 

territory of the dxwsqwali? abš (Nisqually) and spuyaləpabš (Puyallup) tribes (Figure 1). Tahoma 140 

Creek emanates from and follows the last glacial maximum (LGM) path carved by the South 141 

Tahoma Glacier for ~14 km. Distances are measured along the river’s centerline beginning at the 142 

2019 glacier terminus, denoted in “river kilometers – RKM”. The river flows through several 143 

distinct zones along its’ path beginning as multiple meltwater channels flowing over volcanic 144 

bedrock ribs and patchy Neoglacial sediments (RKM 0-1) before flowing through a deeply 145 

incised, narrow canyon of unconsolidated drift (RKM 1-3). As the river exits the proglacial zone 146 

(zone within the Little Ice Age extent; Carrivick & Heckmann, 2017) it is joined by a tributary 147 
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issuing from a small lobe of the Tahoma Glacier and flows through a moderately confined 148 

canyon flanked by forested hillslopes (RKM 3-6.5). This canyon eventually gives way to a broad 149 

unconfined valley characterized by mixed terrace, floodplain, and active channel components 150 

with dead tree stands recording recent aggradation and channel widening (RKM 6.5-10; Walder 151 

& Driedger, 1994ab; Anderson & Pitlick, 2014; Turley et al., 2021). The channel narrows once 152 

more and is confined by paired terraces (RKM 10-14) before spilling out on a debris fan that 153 

joins the Nisqually River.  154 

2.1 A History of Dynamic Change 155 

The contemporary dynamic landscape is primarily the result of episodic andesite lava flows 156 

building impressive topographic relief (Fiske et al., 1963) and repeated cycles of glaciers carving 157 

valleys, oversteepening valley walls, and leaving behind large volumes of unconsolidated 158 

material (Crandell & Miller, 1974). Infrequent, although not rare, large sector collapse events 159 

Figure 1: Location map of the Tahoma Creek watershed with selected photos of key valley segments (modified from 

Turley et al., 2021). 
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that mobilize into cohesive lahars are known to occur (Crandell, 1971; Scott et al., 1995). Today, 160 

the Tahoma Creek watershed is prone to frequent debris flows that enact rapid geomorphic 161 

change, with at least 35 such events since 1967 (Beason et al., 2019; Crandell, 1971; Legg et al., 162 

2014; Richardson, 1968; Walder & Driedger, 1994a, 1994b). In November of 2006, a large 163 

atmospheric river dropped around 500 mm of rain on bare slopes over a 3-day period, an amount 164 

far higher than any other event since 1920 when records began (Legg et al., 2014; Anderson & 165 

Shean, 2021). This event in turn triggered widespread flooding, debris flows and landslides, 166 

factoring in heavily to the quantitative sediment budget presented in this study. This dynamic 167 

history and spatially heterogeneous nature make the Tahoma Creek watershed an ideal location 168 

for this study. 169 

3 Methods 170 

3.1 Mapping 171 

Sediment storage landforms, which are physical representations of sediment disconnectivity in 172 

the landscape, were mapped in the field at a 1:8,000 scale during the summer of 2019. The 173 

upstream affected areas were then estimated based on D8 flow routing using GIS software with 174 

the delineated landforms set as targets. Low-gradient areas were defined as having slopes less 175 

than or equal to 8 degrees (Nicoll & Brierley, 2016). Both the flow routing and slope estimates 176 

were calculated using the 2008 lidar downsampled to 5-meters resolution, which Turley et al. 177 

(2021) found to best capture real disconnections. Vegetation was mapped from 1-meter NAIP 178 

imagery collected in 2009 through the calculation of the normalized difference vegetation index 179 

(NDVI) using a field-verified threshold. Sources of disconnectivity are classified based on the 180 

system proposed by Fryirs et al. (2007a), and encompass buffers, barriers, and blankets which 181 

affect the lateral, longitudinal, and vertical disconnectivity, respectively.  182 

3.2 Sediment Budgeting 183 

We present both a conceptual and a quantitative sediment budget over human-timescales (~100 184 

years) for the Tahoma Creek watershed based on a compilation of historical records, published 185 

literature (Anderson & Pitlick, 2014; Anderson, 2013), and original contributions from this 186 

project. For the conceptual budget, sediment sources, sinks, pathways, and transfer processes 187 

were noted in the field during the summer of 2019. The sources were then categorized as either 188 

primary or secondary in nature. The secondary sources category refers to hillslope or valley 189 
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storage components (sinks) that periodically act as sediment sources, while primary sources are 190 

the original stores.  191 

The quantitative budget is based on net change analysis using 1-meter lidar from 2002, 2008, and 192 

2012. We restricted our analysis to the valley floor and adjacent active hillslopes, as determined 193 

in the field, to avoid unnecessarily including large areas with insignificant change and increased 194 

uncertainties. The resulting budget incorporates fluvial and debris flow processes, and bank 195 

erosion. The 2008 and 2012 lidar data cover virtually the entire watershed, while the 2002 lidar 196 

covers the active channel and adjacent hillslopes from the glacier front to RKM 12.5. For a more 197 

complete description of the datasets see Anderson and Pitlick (2014). The lidar datasets were co-198 

referenced using a terrain-matching technique (Anderson & Pitlick, 2014). While acknowledging 199 

that as a mass balance approach, sediment budgets should include an accounting of water, 200 

sediment, solute, and nutrient fluxes, and that anything less may seriously limit its quality 201 

(Slaymaker, 2004) this project is restricted to a description of the coarse fraction of sediment. 202 

Here we are primarily concerned with land-forming materials (coarse sediment), which have 203 

been the main focus of past literature at Mount Rainier. 204 

3.2.1 Sources of Uncertainty 205 

The spatially variable and vertical datum (DEM-based) uncertainties were calculated for each of 206 

the sediment budget components following methods outlined in Anderson and Pitlick (2014) and 207 

using the Westside Road (Figure 1) as a stable reference location. The spatially variable 208 

uncertainty (𝜎𝑠𝑣) was estimated by calculating the standard deviation of unresolved errors 209 

between the 2002 and 2012 road surfaces. In our case, 𝜎𝑠𝑣 was roughly 0.08, which was 210 

conservatively increased to 0.3 m, consistent with values from Anderson and Pitlick (2014). 211 

Spatially variable uncertainty was estimated as, 𝜎𝑠𝑣√𝑛, where n is the area of interest in m2. 212 

The vertical datum uncertainty (𝜎𝑣𝑑) was estimated by calculating the mean elevation differences 213 

between the 2002 and 2012 road surfaces. In our case, 𝜎𝑣𝑑 was approximately 0.017, which we 214 

conservatively increased to 0.025 m consistent with Anderson and Pitlick (2014). The vertical 215 

datum uncertainty of a given area n is, 𝜎𝑣𝑑𝑛 . Because the area of interest was sufficiently large, 216 

the spatially variable component of uncertainty was negligible and was excluded from the 217 

estimates.  218 



Journal of Geophysical Research: Earth Surface 

 

In addition to DEM-based uncertainty, several other sources of uncertainty exist. Surface 219 

lowering associated with the melting of disconnected stagnant ice is likely the single most 220 

important source of uncertainty. Areas where aerial imagery or the patterns of surface lowering 221 

suggested the presence of buried stagnant ice were excluded from the analysis. Additionally, 222 

some sediment sources may have been excluded from the defined limits of the DEM of 223 

difference (DoD) analysis. For example, an unknown volume of coarse sediment enters the 224 

system at the glacier front but is assumed to be much less than other proglacial sources 225 

(Fahnestock, 1963). A large proportion of the sediment directly entering the proglacial channels 226 

is likely suspended and dissolved load that is readily exported from the basin causing minimal 227 

morphological change. Nevertheless, fine sediment accumulations in backwater areas or 228 

floodplains are not uncommon and complicate the assumption that all morphological changes 229 

can be attributed to coarse sediment. Minor hillslope sediment sources may have also been 230 

excluded from the analysis. However, fieldwork during the summer of 2019 suggested that little 231 

sediment entered the channel from the forested hillslopes, a conclusion supported by Anderson 232 

and Pitlick (2014). Density differences between eroded sediment and re-stored sediment 233 

contributes to additional uncertainty, although is likely less important than those previously 234 

mentioned. 235 

4 Results 236 

4.1 Qualitative and Conceptual Sediment Budget 237 

In constructing a sediment budget for the Tahoma Creek watershed, we attempt to assess the 238 

relative importance of various processes of sediment transfer and the causes of disconnectivity 239 

within the watershed. Significant sources, sinks, and pathways will be discussed in the following 240 

paragraphs, while a more complete accounting is conceptualized in Figure 2. 241 



Journal of Geophysical Research: Earth Surface 

 

4.1.1 Sources 242 

4.1.1.1 Primary Sources 243 

The primary sources of sediment within the Tahoma Creek watershed include bedrock (both pre-244 

Mt. Rainier and Mt. Rainier volcanics), glaciogenic sediment, and sediment synthetically added 245 

to the system, primarily for road repair (Figure 2). While volcanic eruptions add new volumes of 246 

rock and ash, the last know eruption of Mount Rainier occurred 550 to 600 years ago, well 247 

outside of the timescale of this study (Fiske et al., 1963). Andesite of the Mount Rainier 248 

Figure 2: Conceptual coarse sediment budget of the Tahoma Creek watershed. 
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volcanics outcrops above the glacier termini in the headwall of the South Tahoma Glacier, along 249 

the bedrock ridges dividing the Tahoma, South Tahoma, and Pyramid glaciers, and along many 250 

of the ridges forming the watershed divide. This bedrock is the main source of glacial debris. 251 

Pre-Mount Rainier bedrock, including the Ohanapecosh and Stevens Ridge Formations as well 252 

as intrusive granodiorites and quartz monzonites, dominate the watershed below the glacier 253 

termini. Unsurprisingly, basal and ablation till as well as glaciofluvial sediment makes up most 254 

of the sediment in the proglacial zone. These primary glacial deposits are easily delineated by the 255 

prominent LIA lateral and end moraines. Glaciogenic sediment is the most significant and active 256 

source within the watershed at the human-timescale.  257 

4.1.1.2 Secondary Sources 258 

Secondary sources of sediment within the watershed are abundant owing to paraglacial (and 259 

proglacial) sedimentation occurring within the valley train and on the adjacent hillslopes. The 260 

secondary sources can be further divided into two broad categories in terms of the primary 261 

source they are generally derived from and their valley position. The first grouping of secondary 262 

sources, those that are primarily derived from bedrock, includes debris avalanche deposits, rock 263 

fall deposits, talus, debris cones, and undifferentiated colluvium. These sources generally lie 264 

along the lower flanks of the hillslopes and at the hillslope-valley bottom transition. Eight mass 265 

movement deposits were mapped within the watershed, five of which are periodically eroded as 266 

the river shifts course and undercuts the landforms causing slumping. Undifferentiated colluvium 267 

consisting of weathered rock, debris, soil, and vegetation is sourced in the same way. Debris 268 

cones lie at the hillslope-valley bottom transition and are sourced through lateral incision at the 269 

toe or longitudinal incision by the tributary stream. Talus generally lies higher on the hillslopes 270 

directly below rocky cliffs, and seldomly reaches the valley floor. Talus becomes a source of 271 

sediment in locations where bedrock outcrops proximal to the valley floor. 272 

The second grouping of secondary sources, derived primarily from glaciogenic sediment within 273 

the proglacial zone, includes the active channel, floodplain, terrace, alluvial fan, and debris fan 274 

deposits. Debris flow levees would also fit into this category but are relatively less voluminous. 275 

Situated on the valley floor, sediment is exchanged between these secondary sources on a regular 276 

basis as the river shifts course. 277 
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4.1.2 Sinks / Sediment Storage 278 

The secondary sources previously listed alternatively act as sediment sinks. Sediment sinks 279 

either partially or completely prevent the transfer of sediment through the system. Different 280 

storage landforms operate over varying effective timescales (Fryirs et al. 2007a; Harvey, 2002). 281 

For example, within the watershed, lakes are highly effective sediment sinks and operate over 282 

millennial timescales. Valley floor aggradation also leads to inactive valley fill deposits that may 283 

remain in storage for centuries to millennia. Other sediment storage reservoirs include colluvium 284 

(i.e., undifferentiated-debris cones and fans, talus), landslide deposits, alluvial fans, terraces, 285 

floodplains, and the active channel. 286 

4.1.3 Pathways – Sediment Production and Transport Processes 287 

Sediment production and transport processes route sediment from source to sink. Figure 2 288 

summarizes the sediment pathways noting the relative significance, and frequency of each 289 

process. Frost wedging/shattering occurs throughout much of the year and leads to high rates of 290 

rockfall, especially within the South Tahoma Glacier headwall. Glaciers mediate the transfer of 291 

rockfall from cirque headwalls to the terminus through slow, continuous transport providing a 292 

buffering effect and long-term storage of debris. Erosion primarily occurs within the proglacial 293 

zone. During periods of moderate and low magnitude floods, sediment is mainly sourced from 294 

the proximal slopes of lateral moraines through periodic gullying at or near the moraine crest and 295 

is then temporarily stored along the base in cones or sheets. Shallow translational slides 296 

originating near the moraine crest are also likely common (Curry et al., 2009). During larger 297 

magnitude floods and debris flows, the sediment accumulations at the base of the moraines are 298 

eroded and contribute to bulking of debris flows. Over human-timescales, debris flows and 299 

fluvial bank erosion are the two most important processes coupling hillslope sediment sources to 300 

the valley floor and eventually the catchment outlet. Many of the other processes only become 301 

significant over much longer timescales including, debris avalanches/slides, lahars, and soil 302 

creep/tree throw.  303 

4.2 Quantitative Sediment Budget from Multitemporal Lidar 304 

Figure 3 illustrates the estimated coarse sediment budget between 2002-2008 and 2008-2012 305 

based on the DoD analysis (Turley & Hassan, 2023). Between 2002 and 2008 at least 3232 ± 306 

71.4 x 103 m3 of sediment was eroded and 1734 ± 71.4 x 103 m3 of sediment was deposited 307 
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within the valley floor. Roughly 80% of the total erosion occurred within the proglacial zone 308 

(RKM 0-3), while ~85% of the total deposition occurred between RKM 3-10.5. During this 309 

period, an estimated 1.5 x 106 m3 (250 x 103 m3 y-1) of sediment was exported from the 310 

watershed. 311 

In contrast, between 2008 and 2012 a minimum of 840 ± 49.5 x 103 m3 of sediment was eroded 312 

and 696 ± 49.5 x 103 m3 was deposited within the valley floor. Approximately 70% of the total 313 

erosion occurred within the proglacial zone, while 50% of the deposition occurred between RKM 314 

3-10.5. During this period, only 1.4 x 105 m3 (35 x 103 m3 y-1) of sediment was exported from the 315 

watershed. 316 

4.2.1 Sediment Delivery Ratios 317 

The sediment delivery ratio (SDR) was calculated every 3-4 kilometers for both periods based on 318 

the net export of sediment past a point divided by the gross erosion upstream of that point 319 

(Figure 3; Turley & Hassan, 2023). The gross erosion volumes are minimum estimates only and 320 

therefore the delivery ratios are maximum estimates. The SDR from the proglacial zone (RKMs 321 

0-3) is 94% for the period 2002-2008, and 61% between 2008 and 2012. The lower delivery ratio 322 

in the latter period is a reflection of sediment re-stored at the base of the lateral moraines. The 323 

SDR drops to 71% and 43% between RKMs 3-6.5 for the periods 2002-2008 and 2008-2012, 324 

respectively. The SDR further drops to 48% and 22% between RKMs 6.5-10 for the 2002-2008 325 

and 2008-2012 periods, respectively. This amounts to approximately a 40% decrease in the SDR 326 

between RKMs 3-10.5 for both periods, reflecting the largely depositional nature of this area. 327 

Downstream of RKM 10.5 the SDR changes relatively little with erosion approximately 328 

balancing out deposition. For the period 2002-2008 the SDR dropped a mere 2% (down to 46%) 329 

by RKM 12.5 where the DoD coverage ends. For the 2008-2012 period the SDR is reduced by 330 

1% and then an additional 4% (down to 17%) between RKMs 10.5-12.5 and 12.5-14, 331 

respectively. The resulting 25% difference in SDR, as measured at RKM 12.5, between the two 332 

periods is largely a result of the temporary storage of eroded sediment at the base of the lateral 333 

moraine within the proglacial zone. All other erosion/deposition patterns within each zone 334 

remained similar between the two periods. 335 
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4.3 Sources of Disconnectivity 336 

Disconnectivity is the dominant but inefficient state of a system in transferring matter and energy 337 

within and between system components. Sources of sediment disconnectivity are therefore 338 

landforms or bio-geomorphic characteristics of the system (i.e., vegetation, slope, network 339 

structure, etc.), that reduce the efficiency of sediment transfer through storage. Table 1 provides 340 

a general overview of the landforms and bio-geomorphic characteristics that were identified and 341 

includes a description of their effects on disconnectivity.  342 

Figure 3: Sediment budget for the Tahoma Creek watershed during the (a) 2002 to 2008 period, and the (b) 2008 to 2012 

period. Sediment volumes measured from consecutive 1-meter lidar datasets cropped to the active channel and 

contributing hillslopes. Incorporates fluvial, debris flow processes, and bank erosion processes. 
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The features identified include lateral moraines, debris flow levees, low gradient areas, lakes, 343 

vegetation, terraces/floodplains, fans/cones, roads/culverts/bridges, grain size and competence, 344 

in-stream large wood, valley constrictions, and sediment slugs. The location and upstream 345 

affected areas of each of the sources of disconnectivity identified within the Tahoma Cr. 346 

watershed are visualized in Figure 4 and the respective statistics are summarized in Table 2. 347 

Much of the hillslopes and valley bottom terraces are densely forested, while geomorphically 348 

active areas lack vegetation. This results in an estimated 57% of the watershed being vegetated 349 

including bedrock areas (Table 2). Low gradient areas are primarily located on the valley bottom, 350 

but also include hillslope features such as breached divides, cirque floors, and parklands (i.e., 351 

low gradient surfaces composed of ancient lava flows scoured by glacial erosion; Riedel & 352 

Dorsch, 2016).  353 

Lateral moraines delineate the proglacial zone from RKM 0-3.5 and disconnect ~2% of the 354 

watershed. Terraces and floodplains are the two landforms that disconnect the largest proportion 355 

of the watershed at 34% and 23% of the total area, respectively (Table 2). They are 356 

discontinuous in the upper watershed and become prominent where the valley widens (RKM 357 

6.5), remaining nearly continuous to the outlet. Debris cones and fans, which range in size from a 358 

few tens of square meters to nearly a square kilometer, are primarily located between RKMs 7.5 359 

and 12 and together affect approximately 9% of the total basin area (Figure 4; Table 2). Lakes 360 

disconnect around 7% of the watershed, with the two biggest being tarns located in glacial 361 

cirques in the eastern portion of the basin (Figure 4; Table 2). 362 
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Table 1: Description of how specific landforms and bio-geomorphic characteristics increase disconnectivity in (post)glacial 363 

watersheds. Includes selected photographs from the Tahoma Creek watershed as examples – taken during the 2019 field 364 

season. Photos of fans, valley constrictions, and sediment bulges courtesy of Taylor Kenyon, NPS. 365 

Landform / 

Characteristic 
Description Effect on Disconnectivity Photo 

Lateral 
moraines 

Sharp crested linear accumulation 
of glacially transported rock and 
debris dropped by the ice along 
its’ lateral margins as it melts. 

Cause localized deposition of hillslope 
sediment on the distal slope of the moraines, 
while the proximal slope often acts as a 
sediment supply. 

 

Debris flow 
levees 

Shear related boundary features 
resulting from non-cohesive debris 
flows (Scott et al., 1995). Linear 
accumulations of sediment that 
may contain large, downed trees 
and boulders more than 2 meters 
across. 

Temporarily inhibit the lateral migration of the 
river, and if located near the valley margin, 
may prevent hillslope sediment from entering 
the channel. 

 

Low gradient 

Definitions will vary widely. 
Defined here as surfaces with < 8° 
gradient. 
Hillslope features may include 
parklands, cirque floors, breached 
divides, etc. 
Valley bottom features may 
include terraces, floodplains, etc. 
(see other sections). 

Results in reduced potential gravitational 
energy available for sediment transport 
processes that favor deposition over transport 
when slope thresholds are not surpassed. 
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Landform / 

Characteristic 
Description Effect on Disconnectivity Photo 

Lakes 
Relatively large body of slowly 
moving or standing water 
surrounded by land. 

Effectively disconnect all upstream areas with 
respect to coarse sediment, and likely trap a 
high proportion of the suspended sediment. 

 

Vegetation 
Plants and plant life of an area 
taken as a whole. 

Reduces erosion and promotes deposition and 
storage by increasing the surface roughness 
and infiltration, and stabilizing and trapping 
sediment (Cienciala, 2021). 

 

Terraces / 
floodplains 

An area of low-lying ground 
adjacent to a river, formed mainly 
of river sediments and subject to 
flooding (Floodplain). Former 
floodplain surface now elevated 
above the contemporary channel 
(Terrace). 

Cause localized deposition at the hillslope-
valley bottom transition. These landforms are 
low gradient, and often vegetated (see other 
sections). 
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Landform / 

Characteristic 
Description Effect on Disconnectivity Photo 

Fans / cones 

Fan- or cone-shaped landforms at 
the hillslope-valley bottom 
transition composed of sediment 
deposited by fluvial or mass 
movement processes. 

Buffer hillslope sediment through deposition 
as the slope decreases. Leenman and 
Tunnicliffe (2020) identified the key up- and 
downstream controls on fan evolution and 
buffering capacity as, sediment supply and 
stream power (upstream), and mainstem 
aggradation and distal confinement 
(downstream). 

 

Roads / culverts 
/ bridges 

Anthropogenic infrastructure 
including flat surfaces prepared 
for transportation (roads), over a 
river or other obstacle (bridge), or 
artificial surface water drainage 
routing (culverts). 

Road’s cause localized deposition on the 
upslope side of roadway due to break in slope. 
Culverts and bridges limit the lateral mobility 
of streams and may create backwater areas 
resulting in deposition upstream of the 
constriction. 

 

Grain size / 
competence 

Mass movement and glacial 
processes are not size selective – 
sediment delivered to the channel 
may be too large to be 
transported. 

Coarse deposits limit downstream sediment 
transport, support persistent aggradation, and 
may limit vertical reworking as a result of a 
difference in process competence. The degree 
of vertical reworking (connectivity) is 
controlled by the relation between grain size 
and river competence. 
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Landform / 

Characteristic 
Description Effect on Disconnectivity Photo 

In-stream Large 
Wood 

Logs, sticks, and branches and 
other wood that protrude or lay 
within the channel. Generally, > 10 
cm in diameter. 

Channel spanning log jams create areas of 
backwater and sediment wedge accumulation. 
Dead standing trees increase flow resistance 
and may trap wood and sediment. Large wood 
often accumulates at the bouldery, and debris-
filled snout of debris flows and aids their 
deposition through increased flow resistance. 

 

Valley 
constrictions 

Relatively narrow section of the 
valley bottom. May be the result 
of glaciation, incision, debris fan 
progradation, deep-seated 
landslides entering the valley 
bottom, etc. 

Prevent the river from migrating laterally and 
can cause backwater areas and aggradation 
upstream as a result of the bottleneck effect. 

 

Sediment bulges 
/ slugs 

Large fluxes of sediment that can 
act as plugs within the active 
channel during low to moderate 
flows, and thereby limit 
downstream sediment transport 
(Nicholas et al., 1995; Fryirs et al., 
2007a).  
May be the result of a single event 
(e.g., landsliding) or long-term 
incremental input at a range of 
spatial scales. 

Limit downstream sediment transport and the 
vertical reworking of sediment by effectively 
smothering other landforms.  
Sediment pulse evolution is in part controlled 
by network structure (Benda et al., 2004), 
which can enhance or disperse the pulse as a 
result of synchronization and translation or 
desynchronization and storage, respectively 
(Gran & Czuba, 2017).  

366 
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 367 

Table 2: Summary statistics of landforms and bio-geomorphic characteristics 368 

identified within the Tahoma Cr. watershed and their upstream affected areas. 369 

Landform/ 

Characteristic 

Coverage Area 

(km2) 

Upslope Affected 

Area (km2) 

Percent Total Area 

Affected1 

Terraces 1.39 9.7 34% 

Floodplains 0.86 6.82 23% 

Lakes 0.17 1.97 7% 

Debris Cones 0.36 1.45 6% 

Alluvial Fans 0.04 0.8 3% 

Parkland 1.05 - 3% 

Moraine Crests - 0.7 2% 

Vegetated2 ~18.7 - 57% 

Slope < 8° 3.64 - 11% 

Slope < 4° 1.43 - 4% 

Slope < 2° 0.5 - 2% 

 

Total Area 

Below Glacier 

Limits (km2) 

32.9 

1Based on the actual coverage and upslope affected 

area of each source of disconnectivity in relation to the 

total catchment area (below glacier limits). 
2Based on manually verified normalized difference 

vegetation index (NDVI) value. 

-Upslope affected area not calculated for parkland or 

catchment characteristics. 

 370 

5 Discussion 371 

The link between contemporary processes operating on a mountainous glacial landscape, the 372 

presence of sources of disconnectivity, and the resulting spatial patterns of sediment dynamics 373 

and transfer efficiencies is poorly understood. In this paper, we calculate two quantitative 374 

sediment budgets using high-resolution multi-temporal lidar data and identify and map sources 375 

of disconnectivity for a 40 km2 watershed to explore this link. These unique datasets illustrate 376 

catchment-scale sediment dynamics and transfer efficiencies, the role of extreme events, and the 377 

effective timescales of sources of disconnectivity, each of which are discussed in more detail in 378 

this section. 379 

5.1 Downstream Trends of Lateral and Longitudinal Disconnectivity 380 

The Tahoma Creek watershed is incredibly dynamic as a result of impressive topographic relief, 381 

large stores of unconsolidated glacial sediment in the headwaters, and retreating glaciers that 382 

produce glacial outburst floods and debris flows. However, the spatial patterns of sediment 383 

sources, pathways, and sinks suggest that the majority of the watershed is in a state of 384 
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disconnectivity over human timescales. Active sediment sources are primarily limited to the 385 

proglacial zone (RKM 0-3), which supplies up to 80% of the total sediment. Sources of 386 

disconnectivity affect less than 10% of the proglacial area (Figure 5a) which results in the 387 

efficient transfer of eroded sediment, especially during large events (SDR ~94%). This is in 388 

Figure 4: Map of sources of disconnectivity and their upstream affected areas. The upstream affected 

areas are based on D8 flow routing and are displayed in the same color as their associated landform 

with transparency added. 
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direct agreement with several semi-quantitative indices of connectivity (Figure 5b; Turley et al., 389 

2021).  390 

Down valley, disconnectivity becomes increasingly more prevalent. Between RKMs 3-5 the 391 

cumulative percent area affected by sources of disconnectivity reaches a moderate 40-60%, the 392 

channel becomes net depositional, while the hillslopes remain predominantly coupled to the 393 

channel (Figure 5). Between RKMs 5-7 in-channel deposition increases reducing the SDR by 394 

another 20%, the hillslopes become decoupled from the active channel (~RKM 6; Figure 5b), 395 

and the cumulative percent area affected by sources of disconnectivity reaches 100%. 396 

Interestingly, all of the low gradient landforms within the hillslope are a direct result of 397 

glaciation (i.e., parklands, breached divides, cirque floors) and significantly increase the 398 

cumulative disconnectivity.  399 

Below RKM 7 disconnectivity reaches a maximum with the cumulative percent area affected by 400 

sources of disconnectivity reaching 190%, suggesting that most locations are affected by 2 or 401 

more sources of disconnectivity (i.e., terraces, vegetation, low gradient). Between RKMs 7-10 a 402 

substantial amount of in-channel deposition occurs causing the channel to aggrade and reducing 403 

the SDR to 22-48%. Over the last half century, this has resulted in several meters of uniform 404 

valley aggradation (Walder & Driedger, 1994a; Anderson & Shean, 2021). Below RKM 10, 405 

continuous paired terraces completely decouple the hillslopes from the active channel, and 406 

connectivity estimates reach a minimum (Figure 5).  407 

The spatial distribution of sources of disconnectivity explains, to a large degree, the estimated 408 

structural sediment connectivity (Turley et al., 2021), and catchment-scale sediment dynamics 409 

(functional connectivity). The main exception to this finding is the contrasting degrees of 410 

functional connectivity between the South Tahoma Glacier meltwater channel (mainstem, RKMs 411 

0-3) and the Tahoma Glacier meltwater channel (primary tributary). In this case, debris flows 412 

and outburst floods in the mainstem result in significant geomorphic change and functional 413 

connectivity, neither of which occur in the tributary valley (Anderson & Shean, 2021). Perhaps 414 

unsurprisingly, structural connectivity indices (Turley et al., 2021) were also unable to 415 

differentiate between the contrasting degrees of functional connectivity of these two areas. 416 

Vegetation, terraces, and floodplains affect the largest portion of the watershed, while lakes are 417 

more permanent sediment sinks. 418 



Journal of Geophysical Research: Earth Surface 

 

5.2 The Role of Exceptional Events 419 

Several researchers have stated that in proglacial settings the sequencing of extreme events, 420 

rather than more frequent lower-magnitude events (e.g., annual rainfall), controls erosion and 421 

sediment export over periods of decades and longer (e.g., Anderson & Shean, 2021; Micheletti & 422 

Lane, 2016). This conclusion is well supported by evidence from the Tahoma Cr. watershed. The 423 

proglacial zone along the mainstem has undergone persistent erosion since 1960, resulting in 50-424 

Figure 5: (a) cumulative percent affected area by sources of disconnectivity, and (b) longitudinal pattern of connectivity 

and hillslope channel coupling (modified from Turley et al., 2021). The colors in (a) correspond to figure 4 (this text). 
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80 meters of incision along the ~2 km section of channel (Anderson & Shean, 2021). Walder and 425 

Driedger (1994a) document two periods of accelerated erosion. Between 1967 and 1971 at least 426 

8 debris flows scoured the channel by about 5-7 meters. Later, between 1986 and 1992, an 427 

additional 15 debris flows/floods occurred and scoured the channel by up to 40 meters. Most of 428 

this incision occurred in unconsolidated glacial material. However, Walder and Driedger (1994a) 429 

suggest that two debris flows in 1992 scoured a notch into the underlying volcaniclastic bedrock 430 

30-40 meters long and 15-20 meters deep and wide. Debris flows and floods have resulted in the 431 

rapid adjustment of the mainstem channel profile to nonglacial conditions.  432 

During the 2002 to 2008 period, an estimated 1.5 x 106 m3 (250 x 103 m3 y-1) of sediment was 433 

exported from the watershed, while only 1.4 x 105 m3 (35 x 103 m3 y-1) of sediment was exported 434 

between 2008 and 2012. A large debris flow in 2005, and the large 2006 flood and debris flow 435 

event are likely responsible for the near order of magnitude difference in sediment transfer 436 

volumes. If we assume that an average of 35 x 103 m3 of sediment was exported each year during 437 

the 2002-2008 period (average for the 2008-2012 period) and that extreme events accomplished 438 

the remainder of the sediment export, then as much as 85% of the total sediment exported 439 

occurred during these extreme events. This is supported by continuous bed material transport 440 

estimates for 1956-2011. Anderson and Pitlick (2014) constructed a synthetic daily hydrograph 441 

and two-parameter sediment rating curve for the basin using DoD measurements as volumetric 442 

bed material transport values. They estimate that up to 80% of the total bedload transport for the 443 

2002-2012 period, and 50-60% of the total bedload transport for the 1956-2011 period, was 444 

accomplished during the 3-day flood in 2006.  445 

Turley et al. (2021) calculated the morphological budget and functional connectivity along the 446 

base of the lateral moraines near RKM 2 for both periods (2002-2008, 2008-2012). The volume 447 

of exported sediment and functional connectivity estimates were significantly higher for the 448 

2002-2008 period, which they attributed to the high-magnitude flood event in 2006, suggesting 449 

event magnitude controls functional connectivity. Our quantitative sediment budget and 450 

sediment delivery ratio estimates along the valley bottom support this finding. The delivery ratio 451 

was approximately 25% higher and roughly 10 times as much sediment was transported between 452 

2002 and 2008 compared to the 2008-2012 period. During extreme events, thresholds and 453 

sources of disconnectivity are surpassed and the efficiency of sediment transfer increases 454 

resulting in rapid adjustment. 455 
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In contrast, outside of the active channel within the proglacial zone, buffers, barriers, and 456 

blankets reduce the efficiency of sediment transfer and sediment storage reservoirs modulate 457 

sediment export and signal propagation. In essence, evidence suggests that most of the watershed 458 

is in a state of disconnectivity (spatially) most of the time (temporally). 459 

The effect that global warming and glacial retreat will have on sediment dynamics and the 460 

importance of sources of disconnectivity isn’t entirely clear. However, in documenting debris 461 

flow initiation in proglacial gullies during the 2006 flood event at Mt. Rainier, Legg et al. (2014) 462 

found slope to be the primary control and suggest that proglacial slopes are often transport 463 

limited. Because the glaciers have already retreated onto steep slopes within the Tahoma Creek 464 

watershed, debris flow initiation occurs regularly, and large volumes of unconsolidated material, 465 

along with easily erodible bedrock provide ample material for downstream bulking. As long as 466 

these favorable conditions persist, the frequency of debris flows will likely remain high. As 467 

extreme precipitation events become more frequent, and more precipitation falls as rain due to 468 

climate change, the frequency of debris flows, and other sediment transport events may increase. 469 

5.3 Effective Timescales of Disconnectivity 470 

The effective timescales of disconnectivity features in the Tahoma Creek watershed range 471 

between the individual event and tens of thousands of years. Many of the same features noted by 472 

Fryirs et al. (2007a) are present in the study area, but additional glacial and debris flow-related 473 

features are noted. The effective timescale of glacial sources of disconnectivity also ranges 474 

widely. For example, the watershed divides were likely last breached in the late Pleistocene 475 

during the Salmon Springs Glaciation (Crandell & Miller, 1974) and have undergone little 476 

modification since. In contrast, the lateral moraines were formed much more recently during 477 

Neoglacial advances in the 16th and 19th centuries (Sigafoos & Hendricks, 1972) and are 478 

beginning to erode where adjacent to the contemporary channel and will likely operate as buffers 479 

on the order of centuries.  480 

Terraces and fans operate as buffers over intermediate timescales. Tree core data from within the 481 

watershed suggests that many of the terraces have been stable for several centuries (Anderson, 482 

2013). While recent valley wide deposition (Walder & Driedger, 1994ab) has reactivated many 483 

terrace features between RKMs 6 and 10 marked by dead standing trees (Figure 4). Unless valley 484 

wide aggradation persists, these terraces will act as buffers for millennia. Researchers have 485 
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identified both upstream and downstream controls on fan evolution and buffering effectiveness 486 

(Leenman & Tunnicliffe, 2020). Key upstream controls are sediment supply and stream power, 487 

and key downstream controls are mainstem aggradation and distal confinement. The fans and 488 

cones in the Tahoma Creek watershed are fed by ephemeral streams, and therefore downstream 489 

(mainstem) controls are likely more important. Valley-wide aggradation and subsequent 490 

increased lateral mobility of the mainstem may decrease the buffering effectiveness of these 491 

features through erosion of the distal fan margins. Nevertheless, they will remain long-term 492 

buffers within the sediment cascade. 493 

In general, within the watershed, blankets operate over shorter timescales than barriers, which in 494 

turn operate over shorter timescales than buffers. This is likely the result of buffers often relating 495 

to basin-scale macroforms and landforms, both glacial and tectonic in origin, while barriers and 496 

blankets are often related more to thresholds, process competence, and smaller more transient 497 

biological or anthropogenic structures. As previously noted, the main channel rapidly adjusts 498 

both laterally and vertically in response to changing conditions. However, hillslope-channel 499 

decoupling and abundant sources of disconnectivity at the valley margins and on the hillslopes 500 

delay signal propagation and system response. As a result, hillslope features such as glacial 501 

cirques, parkland, and glacial drift deposits persist thousands of years after glacier retreat in a 502 

state of disequilibrium with current conditions.  503 

6 Implications 504 

Two primary implications arise from this work. First, the sediment budget presented in Figure 3 505 

illustrates the dependence of sediment budget results on the measurement period. Not only will 506 

the total budget volumes reflect the specific set of conditions experienced throughout the 507 

measurement period, but the overall patterns of erosion and deposition and subsequently the 508 

delivery ratios will also vary. During extreme events, thresholds are surpassed, sources of 509 

disconnectivity become less effective at trapping and storing sediment, and the efficiency of 510 

sediment transfer increases resulting in rapid adjustment. Sediment budget studies must carefully 511 

acknowledge this reality and interpret their results accordingly. More work is needed that links 512 

the frequency and magnitude of hydrological and mass movement events to the efficiency of 513 

sediment transfer. A better understanding of this link would help define when it is important to 514 

consider disconnectivity. 515 
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Second, we suggest that mapping sources of sediment disconnectivity can provide a clear picture 516 

of sediment dynamics and spatially variable patterns of sediment transfer efficiencies. Among 517 

other potential applications, mapping sources of disconnectivity can strengthen and add context 518 

when calculating sediment budgets and identifying important sources of sediment or the effective 519 

catchment area. Disconnectivity can also help make sense of the spatiotemporal variability of 520 

sediment dynamics, especially for transitional systems. Additionally, many sources of 521 

disconnectivity can be directly observed and mapped both remotely and in the field, and existing 522 

large-scale geomorphic, landform, and terrain classification maps may be reinterpreted in the 523 

context of disconnectivity. It is impractical to seek an understanding of catchment-scale sediment 524 

dynamics without the explicit consideration of disconnectivity, as it is such a common state of 525 

geomorphic systems.  526 

7 Conclusions 527 

In this study, we investigate catchment-scale sediment dynamics through sediment budgeting and 528 

mapping sources of disconnectivity. The Tahoma Creek watershed drains the southwest flank of 529 

Mount Rainier, Washington, USA, and is incredibly dynamic as a result of impressive 530 

topographic relief, large stores of unconsolidated glacial sediment in the headwaters, and 531 

retreating glaciers that produce glacial outburst floods and debris flows. In constructing a 532 

conceptual and quantitative sediment budget, we found that the proglacial zone supplies up to 533 

80% of the total sediment. Frequent debris flows and floods, and high connectivity within the 534 

proglacial zone and upper reaches of Tahoma Creek result in a rapid response to changing 535 

conditions (i.e., glacier retreat) and intense geomorphic change. However, down valley, the 536 

hillslopes become decoupled from the active channel, sources of disconnectivity become 537 

increasingly more abundant, and sediment transfer efficiencies decrease resulting in roughly half 538 

of the eroded sediment being redeposited. Sediment storage and disconnectivity increase 539 

landscape resilience to change and delay, disperse, and disrupt signal propagation. Sources of 540 

sediment disconnectivity may persist for thousands of years controlling the spatial patterns of 541 

sediment transfers. For example, glacial macroforms such as parklands, glacial cirques, and 542 

breached divides persist relatively unchanged in a state of disequilibrium with modern 543 

conditions. 544 
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We also found that the spatial distribution of sources of disconnectivity and their upslope 545 

affected areas explains the spatial patterns of sediment transfers and assumed transfer 546 

efficiencies within the watershed. Mapping sources of disconnectivity provides a straightforward 547 

approach to estimating system disconnectivity. Even locations with intense morphodynamics, 548 

such as Mount Rainier, are predominantly disconnected over human timescales. We therefore 549 

suggest that disconnectivity is the dominant state of natural systems and warrants further 550 

research. Integrating sources of disconnectivity within connectivity indices or creating an index 551 

of disconnectivity would be an interesting avenue of future work. Investigating disconnectivity 552 

over longer time periods may also prove useful for understanding landscape evolution, 553 

particularly in the context of glacial cycles.   554 
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