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Abstract. The Coastal Temperate Rainforests (CTRs) of Chilean Patagonia are a valuable forest biome on Earth given its 

prominent role for biogeochemical cycling, ecological value and dynamic of surface processes. The Patagonian CTRs are amongst 20 

the most carbon rich biomes on Earth. Together with frequent landscape disturbances, these forests potentially allow for episodic, 

massive release of carbon into the atmosphere. We argue that despite their particular biogeographic, geochemical, and ecological 

role, the Patagonian CTRs in particular, and the global CTRs in general, are not adequately represented in the current catalogue 

listing critical zone observatories (CZO). Here, we present the Pumalin CZO as the first of its kind, located in the Pumalin National 

park in northern Chilean Patagonia. We have identified four core research themes for the Pumalin CZO around which our activities 25 

circle in an integrative, quantitative, generic approach using a range of emerging techniques. We aim to gain quantitative 

understanding of these topics: (1) carbon sink functioning, (2) biota-driven landscape evolution, (3) water, biogeological and 

energy fluxes, and (4) disturbance regime understanding. Our findings highlight the multitude of active functions that trees in 

particular, and forests in general, may have on the entire chain of carbon cycling. This highlights the importance of an integrated 

approach, i.e., ‘one physical system’, as proposed by Richter and Billings (2015), and accounting for the recent advances in pushing 30 

nature conservation along the Chilean coast. 
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1 Introduction 

Intact forests play a vital role in maintaining Earth's ecosystems because they promote biodiversity (Clark und McLachlan 2003), 

accumulate carbon from the atmosphere in exchange for oxygen, thus building important carbon sinks (Canadell and Raupach, 35 

2008), and regulate global hydrologic and carbon cycles (Bonan, 2008). Forests also modulate geomorphic processes (e.g., Sidle 

1992) and, thus landscape and carbon turnover rates (Hilton et al., 2011; Giesbrecht et al., 2022; Bidlack et al., 2021). On the long 

run, biomass (and carbon) of a forest is balanced by growth and mortality rates (e.g., Urrutia-Jalabert et al., 2015; Pan et al., 2011). 

Tree mortality, the percentage of trees in a population that die in a given year, is also an ecological key metric for species 

composition and stand density (Searle et al., 2022). Particularly high tree mortality can be triggered by disturbances, such as wind 40 

storms, landslides, fire, drought or pests among others (e.g., Attiwill, 1994). 

Living and dead trees form integral parts of the Earth’s critical zone (Brantley et al., 2017b). Building on the ecosystem concept 

(Richter and Billings, 2015), critical zone (CZ) is defined as the ‘life-supporting, superficial planetary system extending from the 

near-surface atmospheric layers that exchange energy, water, particles, and gases with the vegetation and ground layers down 

through the soil to the deepest bedrock weathering fronts’ (Brantley et al., 2017a). In 2005, the Earth science community launched 45 

the Critical Zone Exploration Network to promote interdisciplinary research with the help of critical zone observatories (CZOs). 

CZOs are sites aimed to measure the fluxes of solutes, water, energy, gas, and sediments in the CZ (e.g., Richter et al., 2018; 

Brantley et al., 2017a). We consider that including surface processes into CZ-research is mandatory as these processes may control 

the quantities, modes, timing and pathways of matter fluxes (e.g., Rasigraf and Wagner, 2022). 

As of writing this article, there is no predefined protocol for what a CZO should look like. Thus, there is a wide array of structural 50 

and operational CZO concepts, based on specific hypothesis-testing, topographic and/or climatic gradients (among other gradients) 

or experimental catchments (e.g., Gaillardet et al., 2018). We are aware of a total of 252 listed CZOs (http://www.czen.org/ 
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content/international-czo-working-group Figure 1a). Based on this catalogue we recognize, however, the need to diversify and 

expand the targeted environments. We argue that particularly Coastal Temperate Rainforests (CTRs) are not adequately represented 

in this catalogue, despite their particular biogeochemical, geomorphic and ecological role. CTRs provide globally relevant 55 

 
Figure 1. Global distribution of CZOs, bubble size is scaled to normalized biomass (http://www.czen.org/content /international-czo-

working-group). b) Pumalin CZO within the Patagonian rainforest biome. c) Estimates of global above-ground biomass C (MgC/ha) 

as a function of mean annual temperature (°C) (MAT) and precipitation (mm) (MAP) (Keith et al. 2009). d) 2.5D-visualization of 

the Caleta Gonzalo catchment as part of the Pumalin CZO, combining airborne LiDAR-derived DTM and Google Satellite (Map 

data ©2015 Google). No vertical exaggeration, the grid is 1km x 1km. 
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ecological and biogeochemical functions. First, they store >1,200 MgC/ha in biomass (Figure 1c) forming the world’s C-densest 

forest biomes. They accumulate ~3% of global biomass carbon despite accounting for only 0.3% of total forest area (e.g., Keith et 

al., 2009). The former number is easily doubled when adding subsurface carbon contained in soils and roots (e.g., McNicol et al., 

2018; Mohr et al., 2017). Second, high freshwater yields, as reported from the Pacific Northwest, may efficiently connect the huge 

terrestrial carbon reservoirs to marine sinks (e.g., Bidlack et al., 2021, Giesbrecht et al., 2022). The fjords fringing these forests 60 

bury carbon at rates far above global average sustaining not only globally important carbon sink function (Cui et al., 2016; Smith 

et al., 2015) but also high and vulnerable marine biodiversity (Fernandez and Castilla, 2005). Third, such efficient carbon burial 

rates coincide with high landscape turnover rates (e.g., Hilton et al., 2011) due to frequent landscape disturbances scraping the 

hillslopes. The bulk of the carbon is released in pulses by surface processes mostly triggered by disturbance events. These events 

initialize the steep and short terrestrial carbon conveyor belts towards the sea (e.g., West et al., 2011; Wang et al., 2016; Frith et 65 

al., 2018; Mohr et al., 2017; Korup et al., 2019). Yet, capturing those infrequent carbon pulses is challenging and missing them out 

may introduce uncertainties within carbon budget exercises. For example, estimates of large wood mobility – a relevant quantity 

within the carbon cycle (e.g., Swanson et al., 2021) – mostly rely on time series composed of single snapshots (e.g., Tonon et al., 

2017; Sanhueza et al., 2019). 

To the best of our knowledge, Héen Latinee, Hakaii, and Maybeso CZOs (or experimental forests) (Jain, 2015) are the only CZOs 70 

located within the coastal temperate rainforest biome. Both these sites lie within the Pacific Northwest (PNW) of Northern 

America, and there is currently no comparable site in its southern hemispheric counterpart, except for the Institute of Ecological 

Research Chiloé. This research institute, however, focuses exclusively on ecological research and does not include (eco-

)geomorphic research (Rozzi et al., 2000). We regard this lack as both an important structural and geographical gap, that we start 

filling here with our recently established Pumalin CZO.  75 

2 Pumalin CZO – Scope and Instrumentation 

To enhance our understanding of disturbance, surface processes and carbon flux feedbacks in Patagonian CTRs, we have identified 

four core research themes for the Pumalin CZO (Figure 2) and an integrative, generic approach using a range of techniques (see 

section 3) to gain a quantitative understanding of these topics: (1) carbon sink functioning, (2) biota-driven landscape evolution, 

(3) water, Biogeochemical and energy fluxes, and (4) disturbance regime understanding. We exemplify our concept using a 80 

rainstorm event (see 2.2 Understand biota driven landscape evolution).  

Situated in the heart of the Patagonian coastal rainforest biome (Patagonian CTR) Figure 1b), the Pumalín Douglas Tompkins 

National Park (from here on abbreviated as Pumalin NP) stands out by its role as a site of large-scale philanthropic-environmental 

conservation efforts (Beer 2022) that has been receiving international attention for more than 20 years now (Heinrich 2000). Within 

https://doi.org/10.5194/egusphere-2023-789
Preprint. Discussion started: 24 April 2023
c© Author(s) 2023. CC BY 4.0 License.



   

 

6 

 

the boundaries of Pumalin NP, the Pumalin CZO comprises a small (16.3 km2) and steep (36.6±16.8º) headwater catchment – the 85 

Caleta Gonzalo (GC) catchment (Fig 1d).  

Between 36° and 47°S, the Valdivian ecoregion that hosts the Patagonian CTRs covers some 127,000 km2 (DellaSala, 2011). In 

general, the Patagonian CTR has a cool, wet maritime climate characterized by high precipitation and moderate temperatures 

(average precipitation ≈ 3000-3200 mm/yr; average temperature ≈ 8°C, (Alvarez-Garreton et al., 2018; Tecklin et al., 2011) 

classified as hyperhumid, which supports dense, continuous evergreen broadleaf forests. Yet, local differences can be high 90 

(Alvarez-Garreton et al., 2018). The most common tree species are coihue (Nothofagus nitida), mañio (Podocarpus nubigenus), 

canelo (Drimys winteri), melí (Amomyrtus meli), tepa (Laureliopsis philippiana), luma (Amomyrtus luma), ulmo (Eucryphia 

cordifolia) and arrayan (Luma apiculata) (Tecklin et al., 2011; La Barrera et al., 2011; Mohr et al., 2017). Based on plot-scale 

measurements, estimates of aboveground biomass floodplain forests (42.90S, 72.69W, close to Chaiten township) is around 

~370±45-40 MgC ha-1, a value that can be easily doubled when including the soils (Mohr et al., 2017). Urrutia-Jalabert et al. (2015) 95 

report slightly higher carbon stocks of aboveground biomass (448-517 MgC ha-1), yet for old-growth forests at Alerce Andino 

National Park that are structurally more comparable to the Pumalin forest. 

The Chaitén and Michinmahuida volcanoes dominate the park’s topography, that is largely a function of tectonics and glacial 

erosion leaving behind a spectacular landscape with deep fjords between eroded islands and peninsulas, steep slopes and small 

cirques hosting headwaters above broad, flat-bottomed valleys (Singer et al., 2004). The steep headwater catchments likely 100 

Figure 2. Schematic representation of the four core goals of Pumalin CZO with respective key metrics and the applied methods. 

ALS and TLS refers to Airborne and terrestrial laser scanning, respectively; NSM and DoD refer to DEMs of difference and 

normalised surface models, respectively.  
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facilitate organic carbon export, very much like the topographically similar headwater catchments along the coasts of the Pacific 

Northwest (Giesbrecht et al., 2022). 

The local disturbance regime is comparably simple (Sommerfeld et al., 2018). Widespread insect or pest mortality and fire is much 

less important than in drier forests. Instead, dominant forest disturbance comes from frequent windstorms (Parra et al., 2021), and 

less frequent earthquakes (Sepulveda et al., 2010) and volcanic eruptions (Mohr et al., 2017) – the latter both are a result of active 105 

subduction and intra-arc strike-slip motion along the Liquiñe-Ofqui Fault zone (Cembrano et al., 1996). All these disturbances 

have in common that they may trigger mostly shallow landslides (Korup et al., 2019; Morales et al., 2021). As landslides are 

largely, though not entirely, controlled by topography and thus independent from vegetation composition (Veblen and Alaback, 

1996; DellaSala, 2011; Buma and Johnson, 2015; Parra et al., 2021), we assume them as largely constrained (and predictable) by 

topography which in turn allows us to explore the efficacy of disturbance-driven surface processes on carbon cycling without too 110 

many assumptions that are often hard to justify. 
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2.1 Carbon sink functioning 

Only sparse and spatially limited plot-scale-based data on biomass and carbon stocks from Alerce Andino NP, Chiloe and the 

vicinity of Chaiten Township exist (Urrutia-Jalabert et al., 2015; Mohr et al., 2017). Global biomass products, such as GlobBiomass 

(Santoro, 2018), notoriously underestimate these biomass stocks estimated on plot-scale by at least a factor of two. At Pumalin 115 

CZO, we link airborne LiDAR with plot-scale monitoring to deliver a first regional scale estimate of biomass and carbon stocks, 

a prerequisite for subsequent carbon flux studies (see section ‘2.3 Unravel biogeochemical and energy cycles’).  

Based on a total of 421,212 detected individual trees within the Caleta Gonzalo catchment (Figure 3c), our LiDAR data yield an 

average density of 258 trees per hectare, that, regarding the tree heights, translate into ~200 Mt/ha applying species-specific height-

DBH relationships (Drake et al., 2003). Our first estimates lie within the range <120 and 520 MgC ha-1 for the Alerce Andino NP 120 

(Urrutia-Jalabert et al., 2015). Our results therefore stress the notion of the Patagonian CTRs as a particularly biomass rich forest 

biome on Earth, that additionally experiences high surface dynamics activity. However, we anticipate a higher carbon density, 

given that our ongoing field surveys suggest an underestimation of total tree number within our LiDAR data. 

In this context, we particularly study at Pumalin CZO if, how and when landslides and wind throw are active geomorphic agents 

(see section ‘2.2 Understand biota driven landscape evolution’) linking the carbon pools above and below ground (Rasigraf and 125 

Figure 3. Carbon-stocks of Pumalin CZO. a) Simplified C-cycle, ignoring CH4. While the main route of carbon into soil is via 

autotrophic C-fixation by pioneer microbial communities on recent landslide scars, diagnostic C/N ratios indicate a qualitative 

shift on older landslides where carbon fixation is mostly of photosynthetic origin by bacteria and mycorrhizae communities. Yellow 

box highlights windthrow-induced tree mortality (see also section ‘2.3.1 Tree Mortality by wind throw.’) linking above and below 

ground C-pools; b) Modeled wind exposure for Caleta Gonzalo Catchment following Buma und Johnson (2015) overlaying data 

from © Google Earth, and c) LiDAR-based tree identification using TREETOP algorithm (Silva et al., 2022) 
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Wagner, 2022) (Figure 3a,b). Both these processes may bury biomass and soils, thus relocating carbon into the subsurface and/or 

mixing of mineral and organic soil horizons (Kramer et al., 2004). The cascade of tree mortality and/or landsliding, i.e. C-input 

into soils, together with the long-term fate of deadwood and buried carbon in terms of decomposition (C subsurface storage) and 

transport along the fluvial drainage system (C-output) will evolve into one main scientific thread at Pumalin CZO. Such cascade 

knowledge is unconstrained for the entire Patagonian CTR. As the carbon turnover is relatively slow, carbon may be stored as 130 

deadwood over centuries in Patagonian CTRs (Urrutia-Jalabert et al., 2015), thus potentially setting up an important more stable 

and persistent terrestrial carbon buffer. Together, quantifying the carbon input and output terms are key to establish a first regional 

carbon balance. Such balance is urgently needed to assess whether these forests function as carbon sources or sinks, if such 

functioning is constant over time or if disturbances may cause a transient or permanent switch between both functions. Particularly, 

quantifying the effects of disturbances is pressing, as disturbances are predicted to change in this biome not only quantitatively but 135 

also qualitatively: The disturbance regime has likely already started to change (e.g., Buma et al., 2019). Both our current capabilities 

to study such effects and also our knowledge about process-responses to disturbances are limited and/or ambiguous. For example, 

state-of-the-art soil organic carbon decomposition models fail under time-varying temperature and moisture regimes (e.g., Wang 

et al., 2015). Hence, we are not able to predict physically sound and, thus transfer, long-term effects of disturbed and thus changing 

boundary conditions on soil organic carbon sequestration. Also, nutrients and vegetation cover progressively accumulate on 140 

landslide scars over time, thus increasing the net input of (fixed) carbon into the soil. At the same time, however, such carbon input 

stimulates microbial life which in turn accelerates carbon turnover and the quantitative relevance of such opposing effects is 

unknown (e.g., Rasigraf and Wagner, 2022; Figure 3a). Burial of organic rich sediments beneath landslide deposits further 

contributes to long term carbon sequestration (Frith et al., 2018). At the same time, however, forest disturbances can offset the 

effect of forest carbon sink functioning, e.g. by elevating tree mortality (Seidl et al., 2014b). Hence, we argue that the impact of 145 

disturbance on the carbon balance remains highly ambiguous with erratic, exemplary and non-systematic and non-quantified 

evidence for both, source and sink functioning. Our Pumalin CZO may help to elucidate such ambiguity in a particularly biomass 

rich forest using a ‘disturbance-exposure’ approach (see section 3).  
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2.2 Understand biota driven landscape evolution 

Landslide susceptibility coincides with wind exposure along the coasts of SE Alaska (Buma and Johnson, 2015) and Patagonia 150 

(Figure 4a). For the latter, a relationship between landslide occurrence, forest cover and wind speed exists (Parra et al., 2021). This 

finding is physically meaningful. Tree canopies form wind sails (e.g., Hale et al., 2015), thus transferring momentum from the 

atmosphere into the shallow subsurface. Aside from wind speed, exposure and direction (Langre, 2008), the transfer depends on 

tree physiognomic metrics, such as tree drag coefficient that can vary within a canopy (Jackson et al., 2021). We assume that 

Figure 4. Atmosphere-Vegetation Energy Transfer. a) Modeled wind exposure following Buma and Johnson (2015) using 

SRTM data overlain by landslide polygons facing north into the Michinmahuida river from slopes of Chaiten volcano. 

b) Rose diagram of both, wind direction from meteorological station and seismically derived tree movement directions. 

c) Seismic power spectrum averaging over the entire time period of meteorologic forcing during a storm event (sensor 

CGC04). Grey bars indicate frequencies with local power maxima, except for 0.15 Hz bar that illustrates supposed 

location of ocean microseisms. d) Seismic power spectrum resolving the temporal evolution of seismic energy during the 

storm event. Note windspeed-invariant ocean microseism frequency band drowning in storm signal after 20:00 UTC. 

Pink triangles depict one-minute time window and 0.3–0.6 Hz frequency band used to generate e) Sensor displacement 

trajectory due to tree bending motion. Colours indicate one-minute time span from red to yellow. Pink bar represents 

mean angle of displacement.  
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kinetic energy is transferred from the canopy to the soil through tree swaying inducing ground motion (Figure 4c, d), and that the 155 

conversion of kinetic energy into heat is negligible. Ground shaking induced by earthquakes may trigger mass wasting (e.g., 

Dadson et al., 2004). However, the role of 

wind-borne ground shaking as a potential 

trigger for mass wasting is vastly 

understudied. One of the most important 160 

caveats in this context is that previous 

attempts could not always rule out hidden 

effects of concomitant rainfall during wind 

storms (e.g., Rulli et al., 2007). The Pumalin 

CZO is a particularly suitable location for 165 

studying direct, physically-based effects of 

wind on landsliding mechanics because of the 

presence of strong westerly winds that are 

channeled by the fjords and occasional strong 

winds from local ice fields or Foehn winds, as 170 

reported by Schneider et al. (2014) and 

Coronato (1993). The locations of both the 

seismic sensors in the Caleta Gonzalo 

catchment (Figure 1d and see also 3.1. 

Environmental Seismology @Pumalin CZO) 175 

and the meteorological station have mostly 

northern exposition, we regard the two sites to 

be similar at first order, though we acknowledge that this assumption may be simplified.  

Figure 4 depicts the wind forcing during the exemplary rainstorm on March 22 2022 (Figure 5). During that storm, our 

meteorological station recorded minute averaged wind speeds of >11 m/s primarily coming from the west. During the same storm, 180 

the Nueva Chaitén station (DMC station #420015, -42.78528°, -72.83500°), some 30 km SW of Caleta Gonzalo, registered gusts 

of >20 m/s mostly from WNW. The trees responded to wind forcing, as recorded by the tree-mounted seismometer (see 3.1. 

Environmental Seismology @Pumalin CZO), in distinct frequency bands of the horizontal components (Fig. 3c) centered at: 0.4, 

0.95, 2.0, 3.5, 32 and 70 Hz, reaching a maximum spectral power of -64 dB (10 log10 (m/s)²/Hz) at 0.4 Hz and a peak ground 

Figure 5. Extraction of rain information from seismic sensors. a) 50–60 Hz filtered 

seismic waveform of station CGC04 during period shown in Figure 9. b) Zoom to one-

minute interval with STA-LTA-picked potential rain drop impacts (blue vertical 

lines). c) Zoom to a single 0.3 s long interval with a 0.15 s long drop impact signal. d) 

Cumulative seismic (black line) and weather station derived (blue line) precipitation 

record. 
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velocity (PGV) of 1.42 10-2 m/s during that storm. The seismic stations in the soils, located some two meters away from the trees, 185 

recorded PGVs of 3.63 10-5 m/s. Following Wang’s (2007) empirical, though physically derived relationships for earthquake 

shaking (see also section 3.1), our seismic data may help in quantitatively constraining the transfer of kinetic energy from the 

atmosphere into the subsurface. We note that our single tree-mounted estimates, however, should be likely treated as conservative 

values for mainly three reasons. First, the LiDAR data only captures the crown canopies of the highest trees but neglects lower 

level tree canopies (see height data), which likely results in a considerably higher tree density.  Previous studies have shown tree 190 

densities of 800 trees per hectare for largely similar conditions (Mohr et al., 2017; Urrutia-Jalabert et al., 2015). Second, the 

estimated energy density ignores the patchy forest structure. We therefore expect locally higher ground motion and energy densities 

due to wind forcing for more exposed and prominent trees. Third, wind speeds >20 m/s occur in nearby fjords. Data from the 

Chilean Meteorological Service points to even stronger wind speeds. Thus, we expect that the energy transfer into the ground may 

be higher during stronger winds.  195 

Spors et al. (2022) have discovered through physics-based modeling that Patagonian rainforests have the ability to not only recover 

from cyclical disturbances but also increase stability on hillslopes over time, i.e. disturbances are ‘healing up’ affected landscapes. 

Spors et al. (2022) have also found that an excess of biomass may lead to landslides in Patagonian rainforests, i.e. that forests turn 

into "suicidal forests", likely contributing to the overall denudation. In fact, Mohr et al. (2022) found the highest denudation rates 

along the entire Chilean Andes under dense Patagonian CTRs. This is consistent with previous findings by Vorpahl et al. (2012) 200 

for regions where the biomass exceeds 800 t/ha. With its high biomass loads, steep topography, water excess, and multiple 

disturbances, the Pumalin CZO offers a rare chance to grasp biotic-influenced landscapes over different time scales. Ongoing 

research indicates that CTR-dominated landscapes operate as a continuous process involving soil production, vegetation, physical 

erosion and ecohydrological processes (e.g., Mohr et al., 2022). Such a holistic denudational continuum differs from the commonly 

held assumption that vegetation mainly stabilizes hillslopes, resulting in steep slopes but curbing landsliding. 205 

2.3 Unravel biogeochemical and energy cycles 

Surface processes mobilize, store and export carbon. Thus, surface processes form an integral part of the Pumalin CZO. At Pumalin 

CZO, we (currently) focus on three main processes: 

2.3.1 Tree Mortality by wind throw. 

Quantifying tree mortality rates is difficult and either approximated using by remote sensing techniques (e.g., He et al., 2019), 210 

event-based mapping (e.g., Uriarte et al., 2019), or plot scale experiments (e.g., Lutz and Halpern 2006; Urrutia-Jalabert et al., 

https://doi.org/10.5194/egusphere-2023-789
Preprint. Discussion started: 24 April 2023
c© Author(s) 2023. CC BY 4.0 License.



   

 

13 

 

2015). All these methods have their individual advantages and limitations, yet they introduce drawbacks in terms of spatial and/or 

temporal resolution/coverage.  

As of writing this manuscript and in the absence of own data on tree mortality yet, we rely on published tree mortality rates from 

similar environments. In the Alerce Andino NP (some 100 km to the North), tree mortality links above ground biomass to the 215 

ground pool at rates between <0.1 and 0.8 MgC ha-1 yr-1 for Canelo (Drimys winteri) and coihue (Nothofagus nitida), respectively 

(Urrutia-Jalabert et al. 2015). With 277+/-62, the average wood residence times for Nothofagus nitida dominated forests is 

remarkably high. Leaning on concepts for landslides (Rasigraf and Wagner, 2022), we regard wind throw as a similar vehicle to 

link the C-pools above and below ground. With >20 m/s, reported wind speeds by the Dirección Meteorológica de Chile (DMC) 

frequently exceed wind speed thresholds to trigger tree fall and uprooting across the larger area of interest. (Seidl et al., 2014a) 220 

report wind induced tree mortality occurring for wind speeds as low as >10 m/s for damaged trees and some 20 m/s for healthy, 

mature trees.  The work by Urrutia-Jalabert et al. (2015) is an important contribution providing first measured tree mortality rates 

for the Patagonian CTR under presumably undisturbed conditions, i.e. background rates. In most cases, this metric is often only 

assumed for modelling studies of the Patagonian CTRs (e.g., Gutiérrez and Huth, 2012). At Pumalin CZO, we seek to overcome 

such caveats using environmental seismology. Dietze et al. (2020) showed that geophones may capture individual tree fall at 225 

distances as large as 2 km. We therefore anticipate that our CZO helps informing, among others, forest gap models, e.g. Formind 

(Fischer et al., 2016) to understand the ecosystem and carbon dynamics in a more comprehensive way such as by better 

implementing forest disturbances in space and time. 

 

2.3.2 Carbon mobilization by landsliding 230 

Our mapped landslides (Figure 4a) are consistent with the notion of wind effects on landslide occurrence, a finding supported by 

previous work (Parra et al., 2021). We identified a hillslope event (Figure 6) that occurred at 2022-03-22 03:59:18 and coincided 

with high rainfall intensity (Figure 5d). Following the approach by Dietze et al. (2020) we automatically picked potential landslide 

events by a classic STA-LTA picker (short term window 0.5 s, long term window 300 s, on-ratio 3, off-ratio 1.1). For all detected 

events we calculated the spectrograms of all seismic stations and located the event using the signal migration technique (Burtin et 235 

al., 2014) with 5-20 Hz filtered signal envelopes, imposing a surface wave propagation velocity of 600 m/s. That velocity value 

was found to maximise the overall R² value of location estimates across all station combinations. Based on the combined 
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information drawn from signal waveform, spectrogram and location, we manually removed unlikely landslide signals, following 

the criteria catalogue by Cook and Dietze (2022).  

We emphasize that this particular hillslope event occurred during presumably ‘dry’ antecedent conditions as it happened during 240 

the transition from Austral summer to Austral autumn (2022-03-22) and that landslide activity is concentrated during the rainy 

season (Morales et al., 2021). Our CZO may assist in improving rainfall duration-intensity thresholds (Guzzetti et al., 2008) , thus 

providing – together with the wind data – a 

contribution for early warning, considering 

known limitations in the spatial variability of 245 

storms (Fustos-Toribio et al., 2022). 

Seismically derived landslide rates may 

further help sheding light onto hillslope-

channel coupling and, thus, rates of carbon 

export from hillslopes (Croissant et al., 250 

2021). Intriguingly, SSC samples taken in 

March 2022 point to extraordinarly low 

suspended sediment concentration (SSC) 

concentrations, i.e. <0.001 g/l, even in the 

immediate aftermath of the rainfall-runoff 255 

event, suggesting a high recycling rate of 

hillslope debris within the catchment and not 

necessarily high sediment and organic carbon 

export into the fjords as noted by Cui et al. 

(2016).  The resulting landslide scars punch 260 

gaps into the forest. These gaps set the stage for high biological diversity induced by a combination of vegetation succession and 

species that are particularly adapted to disturbance (Walker und Shiels 2012) and soil microbial life (Rasigraf and Wagner, 2022). 

As biomass subsequently regrows on the gaps, our CZO may also help deciphering direct biomass growth controls on landslide 

occurrence.  

 265 

Figure 6. Seismically detected and located hillslope event. Hillshade map in 

background shows Caleta Gonzalo catchment and location of the four ground stations 

used to located the event. Coloured polygon shows the > 99 % confidence area of event 

location. Seismograms (10–15 Hz bandpass filtered deconvolved waveforms) of 14 s 

length, with the 7 s lasting event as registered by the four stations. Note that CGC05 

close to the waterfall is dominated by the river turbulence signal, in which the mass 

wasting signature drowns. 

Nota bene: we were only able to detect one small mass wasting event, happening at 

2022-03-22 03:59:18, and lasting 7 seconds. That event was visible on three of the four 

stations. 
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2.3.3 Riverine transport of Large Wood 

Large wood (LW) transport forms an integral part of the regional carbon balance of forested catchments (Swanson et al., 2021). 

Undoubtedly, post-disturbance LW compromises an important mobile quantity within catchments sustaining Patagonian CTRs 

(e.g., Ulloa et al., 2015; Mohr et al., 2017; Tonon et al., 

2017)). However, we are not aware of any quantitative 270 

estimate of wood mobility, wood retention and respective 

wood residence times under undisturbed conditions within 

the Patagonian CTRs, thus the quantification of a background 

rate of LW mobility is pending. We believe that background 

rates are required to benchmark single wood pulses as 275 

commonly caused/triggered by disturbance. Our CZO starts 

filling this important knowledge gap by monitoring LW 

fluxes.  

LW mobility nonlinearly but yet systematically follows flood 

magnitude (Ruiz-Villanueva et al., 2016). We therefore 280 

anticipate to predict LW transport using water stage 

information and identifying a characteristic frequency band 

of LW in motion. For our exemplary rainstorm, we estimated 

a water stage rise from 0.5 to 1.2 m for the Caleta Gonzalo 

catchment using the Monte Carlo based model inversion 285 

approach (Figure 7). Stream flow started to rise several 

minutes after rainfall started supporting our assumed short 

response times for the catchment. Short response times are 

common for steep headwater catchments (Wohl, 2010).  

LiDAR is able to penetrate shallow turbulent water despite 290 

water velocity, water surface roughness, turbidity and 

Figure 7. Inversion of seismic power spectra for river dynamics. 

a) Seismic spectrogram zoomed to analysed frequency range 5–15 

Hz with clear broad band power maximum on Wednesday, 23 

March 2022. b) Root mean square error matrix of modelled and 

measured spectra. c) Possible Monte Carlo-based hydrographs 

(grey lines) and bedload flux time series (brown lines). Thick black 

and brown line depict average results of the former two metrics. 
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properties of the river bed negatively affecting the accuracy (Bailly et al., 2012). We argue that the low flow conditions during the 

time of the LiDAR data acquisition allow us to 

estimate the river bed topography at high 

confidence, thus developing channel-cross sections 295 

(Figure 10d, e) and subsequently translating the 

water stage into cross sectional areas of ~1.9m2 and 

11.6 m2, respectively. We conservatively estimate 

a surface flow velocity of 2 m/s judging from field 

observations, thus yielding streamflow discharge 300 

between 4 m3/s and maximum 23 m3/s. These 

numbers are realistic for steep mountain headwater 

rivers of that size (Wohl, 2010). The maximum 

water stage is only 30-40 cm below bankfull height 

(Figure 10d). Exceeding such threshold is critical 305 

for LW transport, because the largest fraction of 

LW is mobilized during flood events exceeding 

this specific threshold (e.g., Iroumé et al., 2015). 

We expect higher water levels and respectively LW 

mobility during the rainy season. Hence, the 310 

Pumalin CZO may provide valuable first 

benchmark rates for LW mobility in pristine 

Patagonian CTRs, thus helping to better understand 

riverine particulate organic carbon (POC) fluxes in 

this biome.  315 

Figure 8. Landlab-modeling exercise to predict 

landslide exposure in red (0-1) along a hillslope 

flanking the Chaitén volcano affected by its violent 

2008 eruption). Landslide exposure changes over time 

after the 2008 violent volcanic eruption causing root 

strength decay and subsequent regrowth following the 

massive forest dieback. Own UAV-derived post-

landslide orthophoto (obtained: 03/2018) draped over 

pre-landslide TanDEM data at a nominal 12.5 m 

ground resolution. 
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2.4 Understand landscape disturbance feedbacks in a holistic ecogeomorphic continuum 

Landscape disturbances do not only modify the efficacy of erosion, as they may transiently shift systems from a quasi-steady into 

higher states (Vanacker et al., 2007), but may also likely cause a (temporal) switch from carbon sink to source functioning (e.g., 

Mohr et al., 2017). Tectonic disturbances, such as earthquakes (Sepúlveda et al., 2010) and explosive volcanic eruptions (Morales 

et al., 2021; Korup et al., 2019), are arguably the most powerful, yet low frequency erosion drivers in the Patagonian CTRs. 320 

Together with high-frequency wind storms (Parra et al., 2021), these disturbances build the backbone of the regional disturbance 

regime (Sommerfeld et al., 2018). Disturbances commonly set the scene for ecogeomorphic process cascades (e.g., Gill and 

Malamud, 2014) that may trigger similar surface processes, despite its different driving mechanism. In the Patagonian CTRs these 

surface processes comprise abundant, mostly shallow landsliding (Morales et al., 2021) (Figure 4). Yet, the decisive active role of 

biota for ‘disturbance geomorphology’ often remains conceptual but rarely quantified. For example, physics-based modelling 325 

(Figure 8) confirms a prime control of gradual loss of shear strength of decaying tree roots in areas of high tephra loads followed 

by slow forest regrowth. Together, both opposing trends open a time window for the observed widespread, lagged landsliding 

mostly several years after forest disturbance (Korup et al., 2019) – a concept known from forestry (Sidle, 1992) but largely 

unexplored for other forest disturbances. Thus, we argue that the geomorphic system of the Patagonian CTRs is clearly modulated, 

if not dominated, by biotic processes and leaving them out of calculations may cause bias and/or incomplete conclusions. The 330 

Pumalin CZO faces steep gradients of wind- and landslide-disturbance exposure (see section 3 Methods, Design and 

Instrumentation of the Pumalin CZO), thus allowing us to trade space for time to explore long-term resilience of the forest 

ecosystem and recovery traits of the ecogeomorphic system following disturbance and its relation to carbon cycling. 

CTRs are subject to rapid climate shifts and among the expected subsequent consequences, strong westerly winds are predicted to 

become stronger (Perren et al., 2020). Also, the disturbance regime may plausibly change and new disturbance processes, such as 335 

snow-loss driven mortality and droughts and fire in historically moist and non-fire-exposed areas are predicted to emerge. Such 

predictions are already observed in the Pacific CTRs and, given their similarity, are expected to co-occur in the future along the 

Patagonian CTRs, too (Buma et al., 2019).  At the same time anthropogenic pressure increases and a southward migration from 

drier parts of Chile is expected to occur due to climate change (e.g., Balsari et al., 2020). Hence, we need to find solutions to 

manage a natural system that is constantly changing, presumably at higher rates and magnitudes in the future. Disturbance 340 

management is thus increasingly important for sustainable stewardship of forests but also national park managers, and requires 

tools to evaluate effects of management alternatives on disturbance risk and ecosystem services (Seidl, 2014). We anticipate that 

our CZO and our approach may assist in that endeavor facilitated by the close collaboration with CONAF offices. 
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3 Methods, Design and Instrumentation of the Pumalin CZO 

We follow the exposure concept as the backbone for the design of our instrumentation. Exposure is the long-term likelihood 345 

of disturbance within a given area, i.e. representing the relative frequency of disturbances within a given area (Buma and 

Johnson, 2015). Hence, disturbance exposure gradients are similar to the widely applied concept of chronosequences (e.g., 

Rasigraf and Wagner, 2022), but substitute time by space. 

To address the goals and collect the required metrics 

with a sustainable set of sensors, we combine four 350 

different complementary approaches (Figure 2). 

Periodic field surveys (biomass estimation, landscape 

scanning) to constrain the landscape architecture, 

control data records of key variables that drive 

landscape dynamics (meteorological sensors, soil 355 

moisture and temperature, imagery-based stream 

gauges) at selected representative sites, physics-based 

biota focussed geomorphic modelling (Figure 8), and 

environmental seismology (Figure 9). 

3.1. Environmental Seismology @Pumalin CZO 360 

Environmental seismology (Cook and Dietze, 2022) is 

arguably one of the most recent advances in studying 

critical-zone-processes (Oakley et al., 2021) most 

likely owed to four main reasons: This technique allows 

the continuous and weather-independent determination 365 

of the (1) location, (2) timing, and (3) magnitude of 

(near-) surface processes (Dietze et al., 2020) (4) while being minimal-invasive at the same time. As of 10/2022 we have been 

operating six seismic stations consisting of Digos DataCube digitizers that record with 200 Hz ground motion data from 4.5 Hz 

geophone sensors, which are either deployed in the ground or mounted to trunks at breast height (Figure 10b). Our system is able 

to operate for about 12 months without data extraction and battery replacement maintenance visits. The ground deployed sensors 370 

are used to infer river characteristics, energy emission from the atmosphere into the ground, and event-based landslide activity in 

the catchment that can be located by the seismic network as a whole.  

Figure 9. Field measurements of a small rainstorm. a) Meteorological 

sensor data on wind speed and precipitation intensity. b) Seismic 

spectrogram of a sensor deployed in the ground (CGC03), showing episodic 

broad band signals (30–80 Hz) due to meteorologic forcing and continuous 

low frequency signal (8–12 Hz) due to turbulent water flow in a nearby 

river. c) Seismic spectrogram of a sensor (CGC04) mounted to a tree, 5 m 

away, which exhibits considerably more seismic power, predominantly at 

frequencies < 1 Hz. d) Average seismic power in the 0.3–0.6 Hz band, 

representing tree motion in the atmospheric wind field. Values below -120 

dB were set to -120 dB. e) Average seismic power in the 8–12 Hz frequency 

band, indicative of river discharge. 
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Rivers also generate seismic waves due to force fluctuations at the river bed caused by eddies in turbulent flow (Gimbert et al., 

2014) and mobile particles impacting the river bed (Tsai et al., 2012). Those two river-born signals cover a source-receiver specific 375 

yet different frequency range and can thus be unmixed by inverse modelling (Dietze et al., 2019) to yield physically meaningful 

time series of water level and bedload transport. Here, we follow the inversion approach by Dietze et al. (2022), using seismic data 

from station GC03, which is located about 70 m from the 12 m wide reach of the river draining the GC catchment. Based on UAV 

imagery pebble counting, we allowed the river bed particles to range around a D50 of 0.2 m by a standard deviation of 0.5 and set 

the channel gradient to 0.05. With mostly loose cobble and organic rich material building the river terrace and foot slopes between 380 

river and seismometer, we set the Rayleigh wave velocity to range to 500 m/s, the ground quality factor to 23, and the Greens 

function displacement amplitude parameters between 0.6 and 0.8.  The target variables, water level and bedload flux, were allowed 

to range between 0.3 and 3 m and 0 and 500 kg/sm, respectively. In each of the 500 Monte Carlo loops using one of the randomly 

and fixed assigned model parameters, we calculated 500 reference sets and resulting reference spectra and identified the best fits 

to the empirical data, to retrieve the respective water level and debris flux curves. From all 500 running median curves (5 sample 385 

window size), we calculated the compound median curves for plotting (Figure 8). 

3.2. Forest Biomass and Carbon Stocks @Pumalin CZO 

The currently available tree biomass, setting the pool of carbon that can be released by surface processes, e.g., mass wasting, and 

subsequently transported to marine carbon sinks, will be estimated by a blend of field-based DBH and tree height measurements 

of representative plots, following a matrix of wind and landslide disturbance gradients, and remote sensing. We use our pairwise 390 

measurements of DBH and respective tree height to develop empirical relationships between both metrics. We next apply this 

function on the airborne LiDAR-based tree heights to predict spatially-resolved DBH. Using both metrics we can then estimate 

aboveground biomass applying species-specific allometric functions for Chilean forests (Drake et al., 2003). We use relative 

abundance of tree species to weigh an averaged biomass load using an MC-approach (Mohr et al., 2017). In addition, periodic ALS 

data sets will support to update that pool for the entire region of interest.  395 

Figure 10. Overview of Pumalin CZO. a) 360° panorama view of the Caleta Gonzalo catchment acquired using a DJI Phantom 4 pro 

v2.0 drone during the field campaign in 03/2002; b) Map showing the location of the instruments deployed within the Caleta Gonzalo 

catchment and along the Carretera Austral overlaid by modelled wind exposure. Bubble size of geophones scales with averaged wind 

exposure (0-9) around a 30m buffer. White dashed line indicates the CONAF-operated hiking trail ‘Escada escondida’ C) Mounting of 

a geophone on a tree trunk (BMF) during field work in 03/2022; d) Cross section of Gonzalo river and respective cross sectional area 

estimates during the example rainfall-runoff event (seeFigure 5) <70 m from to geophone BMG (see e). Elevation data comes from 

airborne LiDAR obtained during low water stage (11/2021); f) Caleta Gonzalo catchment embedded into the larger study area or 

Pumalin NP. Blue circle depicts the location of the nearest operating meteorological station @Nueva Chaiten. 
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3.3. Meteorological Station @Pumalin CZO 

In 03/2022 we deployed a first meteorological station close to the airfield at Caleta Gonzalo (-42.56213868, -72.60038295). Our 

Vaisala WXT530 meteorological station deployed on a pole 2 m above ground records air temperature, pressure, relative moisture, 

wind speed and direction, and precipitation type, intensity and amount at a temporal resolution of 1 min. The Vaisala station is 

connected to a Campbell CR1000 logger that also stores the soil moisture in 20 cm depth at a temporal resolution of 10 min. For 400 

the sake of simplicity and given a largely, though not entirely comparable landscape architecture (valley opening to N) and the 

close proximity, we consider this information as comparable to the local conditions in the Caleta Gonzalo catchment at first order. 

The DMC station at Nueva Chaiten provides independent meteorological data to compare our field-based measurements against.  

 

4 Conclusions and Perspectives 405 

Having highlighted the multiple active functions that trees and forests may have on energy and matter fluxes, calls for an integrative 

approach, i.e. ‘one physical system’ as proposed by Richter and Billings (2015), and accounting for the recent advances in pushing 

nature conservation along the Chilean Patagonian coast, we advocate for the Pumalin CZO embedded into the spectacular 

Patagonian CTRs as an ideal addition to the joint, transdisciplinary efforts of exploring the critical zone. In this spirit, we regard 

the Pumalín CZO, that fully meets the requirements of a CZO, as a valuable member of the International CZO network. Up to our 410 

best knowledge, the Pumalin CZO is the first of its kind in the Patagonian CTRs. 

The Pumalin NP CZO is expected to expand including the Michinmahuida catchment at ~25 km S of the Caleta Gonzalo catchment. 

This second catchment is also fed by the Michinmahuida glacier, thus adding a second hydrological regime that is characteristic 

for the Patagonian headwaters and particularly sensitive to changes in the global climate. 

 Having presented the four different core goals of the Pumalin CZO (Figure 2), we anticipate integrative modelling suites, such as 415 

Landlab (Barnhart et al. 2020; Hobley et al. 2017) (Figure 8), as excellent and promising tools to get our findings into a transferable 

and, thus, scalable context.  Developing respective process components will be one prime effort for future research.    

Lastly, we want to invited the community for joint efforts doing critical zone research in this spot on Earth. 
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