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Abstract: Successfully addressing the multitude of stresses influencing forest catchments, 
their native biota, and the vital ecological services they provide humanity will require 
adapting an integrated view that incorporates the full range of natural and anthropogenic 
disturbances acting on these landscapes and their embedded fluvial networks. The concepts 
of dendritic networks, disturbance domains, the stream continuum, and hydrologic 
connectivity can facilitate this integration. Managing catchments based on these combined 
concepts would better maintain all the components of watersheds and the interacting 
processes that comprise their ecological integrity. To examine these ideas, I review riparian 
protection regulations in the Pacific Northwest of the United States, regulations considered 
by many to be among the best available, and evaluate their ability to protect headwater 
amphibians. I present evidence for the inadequacy of these rules to maintain robust 
populations of these amphibians, and discuss the implications of these shortcomings for 
downstream-dwelling coho salmon. Emphasizing headwaters (1st to 3rd-order channels), I 
discuss disturbance regimes and how differences in their fluvial and geomorphic processes 
determine the structuring of channels, their internal environments, and the composition of 
the resident biota. I examine amphibian dependence on specific channel attributes, and 
discuss links between their abundances, altered attribute states, and natural and 
anthropogenic disturbances. Using these examples, I discuss the limitations of current 
protections to maintain key attributes necessary to support robust populations of headwater 
amphibians, and via hydrologic connectivity, many downstream organisms. I propose that 
the goal of maintaining whole catchment biodiversity and ecological services could be 
improved by managing watersheds based on integrating science-based network organizing 
concepts and evaluating and adjusting outcomes with a suite of responsive bio-indicators. 
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“To protect your rivers, protect your mountains.” Emperor Yu of China, 1600 BC 

1. Introduction 

Terrestrial landscapes and their embedded stream channel networks are the fractal units of the 
planet surface traditionally referred to as watersheds. The terrestrial and aquatic parts of watersheds 
have long been viewed and managed as separate and unrelated entities rather than different but 
interdependent aspects of a single system [1,2]. This is particularly evident with headwater channels 
which have long been viewed and treated as if independent of the larger aquatic network [3,4]. 
Headwaters channels comprise a majority of the embedded network in a catchment [5,6] where they 
can represent over 80% of total stream length [7]. However, multiple ecological processes demonstrate 
how forest landscapes and their embedded dendritic networks function as a single ecosystem 
(e.g., [4,6]). Important examples include the interdependence of terrestrial and aquatic food webs [8], 
the input of nutrients to upstream and upland environments from marine ecosystems by migrating 
salmonids and their terrestrial predators [9-12], and the input of wood and other organic materials from 
forests into headwater streams that moves down through the network and into marine environments, 
modifying and controlling fundamental geomorphic and ecological processes in both realms [13-15]. 

There is increased recognition that forested watersheds are the natural units of ecoregions that provide 
vital ecological services like water and sustain native biodiversity in addition to providing timber 
products [16,17]. As such, they are the geographic units where efforts to meet the diverse requirements 
of society need to be merged with the best ecological research and understanding in order to meet 
multiple objectives without compromising the long-term productivity of these watersheds [18,19]. 

A functional and sustainable view requires that watersheds be viewed as single entities comprised 
of complex interdependent processes; this understanding is essential if we hope to utilize their native 
biodiversity while at the same time maintain their critical ecological services in perpetuity [20,21]. 
Applying such a unifying watershed approach will require identifying and developing metrics of 
watershed status that can inform and guide the application of an integrated view. Karr [22] stated that 
“…organisms are the integrators of all that is happening in a watershed.” Amphibians have many 
attributes that make them excellent candidates as biometrics of watershed conditions (see [23]). Among 
these attributes are their complex life cycles [24], which in most cases involves the use of both 
terrestrial and aquatic environments. As a result, they are sensitive to disturbances in both 
environments and in their interconnecting riparian interfaces [25-27].  

The intent of this paper is to advance the case for an integrated view of watershed processes based 
on current ecological understanding using evidence from 27 years of research on the ecology of stream 
amphibians in the Pacific Northwest of the United States. I describe how amphibian (and riparian 
reptile) assemblages are structured, how this relates to fluvial, geomorphic, botanical, and macro- and 
micro-meteorological processes, and how these ecological interactions demonstrate the importance of 
an integrated watershed perspective. I discuss how the synergistic interaction of geomorphic and 
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biological processes creates, promotes, and sustains biodiversity across riverscapes (e.g., [28-30]), and 
I argue that understanding and applying this knowledge is essential for restoring and maintaining the 
native flora and fauna and their closely related ecological and economic services [31].  

2. Watersheds and Forestry 

In the 1990s, the United States government advanced the Northwest Forest Plan (NWFP) [32], a 
forest management plan that raised the bar on stream network protections in the US Pacific Northwest 
(PNW) for federal lands. The plan established new standards based on the best available science at the 
time [33]. The NWFP recognized the reciprocal relationships between forest landscapes and their 
embedded channels by designing and recommending protective streamside buffers based on site-specific 
tree heights (Figure 1).  

Figure 1. Generalized curves indicating percent of riparian ecological functions and 
processes occurring within varying distances from the edge of a stream channel into 
forested uplands (Adapted from [32]).  

 

NWFP buffer widths were assigned to fish-bearing and non-fish-bearing channels, both perennial 
and intermittent, thereby protecting the entire network [34]. In the intervening years since NWFP 
implementation on federal lands, understanding the importance of protecting entire stream networks 
has become even more compelling as new insights regarding network processes have emerged 
(e.g., [35-38]).  

The NWFP was intended to protect watershed processes essential for whole system integrity in the 
absence of site-specific knowledge that might, on a case by case basis, allow for some resource 
extraction that did not compromise system integrity [32]. However, NWFP protections have been 
largely ignored by the forestry industry and state regulatory agencies, and there has been little 
movement to improve stream protections under the rules of any of the three PNW states over the last 
18 years (Figure 2) (see [39]). Current state forestry rules in the PNW place a heavy emphasis on 
‘management zones’ close to stream channels as a way to protect riparian attributes (Figure 2). These 
management zones restrict immediate access by the heavy equipment used in forest harvesting. 
However, they do not protect channel stabilizing trees, overhead canopy providing shade and litter 
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inputs, and other vital network functions (Figure 1), all of which are often affected when profitable 
riparian trees are extracted with chains or steel cables from outside these management zones. In 
California, the channel protections afforded headwater streams (Figure 2(b,c)) consist of just such an 
equipment exclusion zone. Oregon provides slightly greater protections to these channels, but 
Washington does not (Figure 2(b,c)). Figure 3 illustrates the effects of these inadequate headwater 
channel protections on the ground. This typical timber harvest occurred between 1989–1992 under 
current California rules. The absence of any buffers on these headwater channels allowed sediments to 
flow directly into the upper parts of the network when winter storms occur. A geomorphic study 
conducted following this harvest [40] found substantial impacts to unprotected headwater channels, 
with heightened run-off on harvested areas during and after storms delivering increased peak flows 
directly into exposed channels, resulting in head-cutting and channel incisement (Figure 4(a)). This 
head-cutting manifested in the down-cutting of channels, upslope migration of channel heads, and 
released soils into the channel network, increasing both fine sediment loads and water  
turbidity [40,41]. Figure 4(b) shows the extent of down-cutting on class II channels (non-fish bearing, 
perennial streams). Class III channels (non-fish bearing, seasonal streams) where surface flow is 
primarily seasonal, receive less protection. Consequently, when strong winter storms trigger the 
movement of sediments from the upland into these intermittent channels, the adverse effects of moving 
sediments are just as pronounced as in Class II channels, but more widespread because networks are 
comprised of greater numbers of Class III channels. This anthropogenic process eliminates critical 
spaces in the streambed matrix used by headwater amphibians for shelter and feeding (e.g., [23]) and 
negatively affects early life stages of salmonids downstream (e.g., [42,43]). The lack of adequate 
protection for headwaters under current rules (Figure 2) is likely to be the primary cause of the 
collapse of populations of stream organisms, including amphibians and salmonids, in undammed forest 
sub-basins throughout the PNW.  

Herein I provide support for the following hypothesis: anthropogenic disturbances related to timber 
harvesting, combined with the lack of adequate headwater protections across the regional landscape, 
are negatively affecting populations of native biota throughout stream networks in the PNW. I review 
and combine evidence of widespread declines of headwater amphibians and the likely processes 
responsible, with evidence of anthropogenic disturbances to stream networks (e.g., [40,41]) resulting 
from the lack of headwater riparian protections [39], to argue that the delivery of sediments from hill 
slopes to stream network (i.e., sediment connectivity [44]), is the primary mechanism causing declines 
of stream organisms in headwaters and throughout channel networks. Furthermore, I would submit that 
these effects are cumulative because they compromise more channel habitats with each subsequent 
harvest rotation; and that this process is happening on a vast scale across the region as evidenced by 
the depauperate populations of so many native stream organisms on PNW lands devoted primarily to 
timber harvesting.   
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Figure 2. Management systems in the US Pacific Northwest delineating riparian forest 
management zones. WA = Washington; FFR = forest and fish report; DNR = Dept. Natural 
Resources; E = east; W = west; OR = Oregon; CA = California; FPR = forest practice 
rules; NWFP = Northwest Forest Plan. Class I, II, and III = fish-bearing, non-fish-bearing, 
and seasonal channels, respectively.  For details see Table 4 in Olson et al. [39]. 
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Figure 3. Typical timber harvest under current state rules. North Fork Caspar Creek, 
Jackson State Forest, Mendocino County, northwestern California. See Figure 4 for details 
of down slope effects from this exposure of the headwaters of the stream network. Photo 
by Tom Lisle. 

 

Figure 4. (a) Head-cutting and channel incisement immediately downstream of the harvest 
(Figure 3) on tributaries of North Fork Caspar Creek. Note newly exposed tree roots. 
Photos by S. Hilton; (b) Map of head-cutting and channel incisement (red dots) on class II 
tributaries of North Fork Caspar Creek post-harvest (Adapted from Dewey [41]). 
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The results of this research were consistent with earlier studies [46-48] where significant 
differences in the abundances of these same headwater amphibians were found between disturbed and 
reference sites. The redwood study [45] serves to illustrate the magnitude of the effects that can occur 
on the two species that appear most affected by disturbances to unprotected headwater channels. The 
southern torrent salamander (Figure 5(a)) is a headwater specialist [47] and member of an endemic 
family (Rhyacotritonidae) comprised of four species in the PNW [49]. Tailed frogs (Figure 5(b)) are 
ribbed frogs, the most ancient of extant frogs, a life form that predates the dinosaurs. They are also 
members of an endemic family (Ascaphidae), with a coastal species and another in the Rocky 
Mountains [50]. 

The earlier studies referred to above included more amphibian species, were conducted across a 
larger region, and included other native forest types in addition to the redwoods with sites across 
northwest California and southwestern Oregon [46-48]. These studies found the same reduced 
abundances of the torrent salamander and tailed frog where anthropogenic disturbances to headwaters 
channels had occurred in multiple forest types, across a broad geographic region consisting of much of 
the southern PNW.  

In more recent research in the Mattole watershed of northwest California [51], we sampled 
headwater tributaries across a single entire large (789 km2) catchment, finding torrent salamanders and 
tailed frogs primarily in headwaters associated with remnant un-disturbed late-seral forest (57% and  
71% of sites, respectively; Figure 6(a)). Their occurrences correlated closely with streams where 
summer water temperatures remained below a critical physiological threshold for the torrent 
salamander and a temperature that when exceeded halted the development of tailed frog eggs; 
conditions that occurred primarily in streams where native forest remained intact [51]. Prior to the 
timber harvesting that followed World War II most of this watershed was covered with late-seral forest 
(Figure 6(b)). In the Mattole, the declines of native anadromous salmonids, several now nearly extinct, 
are often attributed to causes outside of this watershed. However, the absence of these highly sedentary 
headwater amphibians, except primarily in remnant late-seral forests, is not readily attributable to 
foreign fishing trawlers, over-fishing, sea lions, or poor ocean conditions. Furthermore, the close 
correspondence between these headwater amphibians and now rare coho salmon in tributaries 
downstream [52], strongly suggests that the declines of all of these species resulted from the same 
harvest-related anthropogenic disturbances as the negative effects to channel environments cascaded 
down through the network (e.g., [40,41,44]).  

In more recent research in the Mattole watershed [53] we combined data from the tributary  
study [51] with those from the main stem river. The objective of this second study was to examine how 
the distributions of the herpetofauna related to network disturbance processes across the entire 
catchment. Here we investigated both reptiles and amphibians; while not closely related 
phylogenetically, these two taxa share many natural history attributes and relatively sedentary natures 
that make both groups highly informative when attempting to understand faunal distribution patterns 
and their relationships to landscape processes. The Mattole is a particularly good place to study these 
relationships because the river is undammed and parts of the watershed remain relatively intact and 
undisturbed by humans, providing the essential reference conditions [54,55].  
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Figure 6. (a) Detections of tailed frogs (closed circles) and torrent salamanders (closed 
squares) in tributaries of the Mattole River watershed. Green shading indicates remaining 
unharvested late-seral forests. Open symbols indicate sampling without detections. Data 
from Welsh et al. [51]; (b) Map of late-seral forests (green shading) in the Mattole 
watershed on northwest California in 1947. Modified from Mattole Restoration Council 
maps published in 1988 and 1997.  

 

As context for understanding the results of this study one needs some knowledge of the disturbance 
regimes operating in the Mattole. Montgomery [56] developed a schematic model of a typical 
mountain catchment in the PNW, indicating how watersheds are influenced by disturbances, with the 
various types associated with specific regions within catchments (Figure 7; see [57]). These zones are 
referred to as “process domains” [56,57]. In NW California, watershed disturbances are influenced by 
two over-riding natural forces: (1) plate tectonics which results in steep and unstable terrain from 
highly active faults acting on a young and easily fragmented Franciscan geology; and (2) an annual 
climatic cycle with hot, dry summers and cool, wet winters with periodic intense storms. These two 
forces drove the pre-European natural disturbance regime, but a complete picture of the contemporary 
disturbance regime includes timber harvest. For example, there were more than 50 timber mills 
operating in southern Humboldt County in or near the Mattole watershed in the 1950s. Impacts to 
northern California watersheds during this same period included two major floods in 1955 and 1964. A 
mass wasting assessment of the north fork of the Mattole based on an analysis of aerial photos 
documented the extent of these combined disturbance processes in the watershed [58]. This study 
found only four inner gorge failures on 1948 photos; however, photos taken after the combined 
impacts of first-enter logging of old-growth (prior to current rules) and the two massive storm events, 
documented 3441 landslides [58]. The study states: “Aggressive first-entry logging using ground-based 
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yarding left many of these steep streamside slopes in a vulnerable condition that resulted in extreme rates 
of mass-wasting when the large storms of 1955 and 1964 occurred.” This study determined that debris 
slides from failed inner gorges delivered 96% of their total sediments to watercourses; with 2700 of 
these landslides delivering sediments directly into stream channels at a combined average rate of  
7300 tons/mi2/yr (2,556,942 kg/km2/yr) [58]. The combined disturbances of aggressive logging and 
large storm events caused mass wasting across the watershed; the fishes and other aquatic biota have 
yet to recover [59,60]. The scale at which disturbances occur within basins is relevant to both the 
immediate and long-term effects on native fauna [61]. The events in the Mattole were widespread  
and devastating, with long-term consequences for the entire channel network and much of its aquatic 
biota [59,60].  

Montgomery’s [56] concept of disturbance process domains (Figure 7) followed an earlier study on 
the structuring of channels in mountain basins [62]. He also developed a quantitative procedure that 
can determine channel types and their related process domains based on measurements of the structure 
and composition of the channels [63]. Channel types in each process domain are distinguishable based 
on parameters that derive from the interactions of the fluvial and geomorphic processes specific to the 
different domains (Figure 8) [63]. This model describes three basic channel types—headwater, 
transfer, and depositional channels—each with one or more sub-types (not shown in Figure 8). So what 
do the different channel types indicate about watershed process domains, and more specifically what is 
the relationship between channel type, these process domains, and the stream and riparian biota? By 
identifying a specific channel type one can infer the disturbance processes active in that particular part 
of the landscape; this knowledge can identify area-specific vulnerabilities and inform resource 
extraction activities in that area to minimize adverse impacts. Also by employing the channel types as 
a matrix by which to view the distributions of native biota, one can predict its potential composition. 
By understanding the relationships between the biota and disturbance processes active in specific areas 
of the landscape one can foresee potential vulnerabilities to the biota and the hydrogeomorphic 
processes that sustain it. The geomorphic studies of headwater channels described above [40,41] 
indicated mass wasting at a local scale, however, the cumulative effects of this process are measurable 
at a greater (landscape) scale (e.g., [58]), as it affects headwater biota regionally (e.g., Figure 5; [45]). 

Our findings in the Mattole [53] serve to illustrate some of these relationships. We used ordination 
analysis to determine channel types in the Mattole and discerned four distinct types (Figure 9). The 
types above axis 1 (Figure 9) correspond to headwater and transfer channels typically dominated by 
debris flows driven by winter storm events; those below axis 1 are primarily depositional reaches most 
influenced by periodic flooding and channel migration (see Figures 7 and 8). This analysis illustrates 
the key features of each type, identifying the attributes that link directly to the disturbance processes 
acting to create and modify these different parts of the stream network. Replacing the environmental 
attribute vectors in Figure 9 with animal distribution vectors relative to the channel types reveals the 
distributions of the different species within the network; two very strong patterns are evident 
(Figure 10). Species above axis I are associated primarily with headwater and transfer channels 
(Figure 10: types I and II) (e.g., torrent salamander, tailed frog, giant salamander). Species below axis I 
are associated primarily with alluvial channels (Figure 10: types III and IV). Within these two general 
patterns individual species vary in their relationships to channel types, indicating differences at finer 
scales within the available types. These unique distributions are not unexpected and are consistent with 
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niche theory ([64]) which considers co-occurring species to have evolved specific attributes, including 
relationships to the physical environment that allow them to co-exist without competitive exclusion.  

Figure 7. Typical coarse-scale riverine process domains (dotted lines) for Pacific 
Northwest drainage basins. The shadings in each domain represent different channel types 
(headwater, transfer and depositional; see Figure 8) (Adapted from Naiman et al. [57]). 

 
 

Figure 8. Changes in channel types in three process domains. Flow, channel size, and 
sediment characteristics change throughout the longitudinal profile. From: Stream Corridor 
Restoration: Principles, and Practices, 10/98, by the Federal Interagency Stream 
Restoration Working Group (FISRWG) (12 federal agencies of the US government). 
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Figure 10. NMDS of 83 reaches in the Mattole watershed with the distributions of eleven 
amphibian and reptile species relative to the four channel types (descriptions in Figure 9). 
Species depicted are those distributed primarily in colluvial (I and II), alluvial (III and IV), or 
in all four channel types; in several cases species were found in much greater abundances in 
types III and IV (not shown). For details see Welsh and Hodgson [53]; Table 4, Appendix I. 

 

4. Network Processes and Critical Niche Attributes  

The evidence of a changing herpetofaunal assemblage down through the stream network [53] raises 
the question what dictate these changes. It is reasonable to assume that these changes are related to 
different niches, with each species having unique adaptations to the physical environment [64]. So 
what might these niche attributes be, and how do they relate to changes in ecosystem processes in the 
various parts of the network? To better understand the specific, and possibly critical, niche attributes 
required by headwater amphibians, we conducted a meta-analysis that combined data from multiple 
studies across southern Oregon and northern California (southern PNW) to examine relationships with 
the three stream network attributes most often affected by anthropogenic disturbances in this region: 
water temperature, fine sediments, and large wood [65]. We used multi-variable generalized additive 
models (GAMs) to examine these attributes as they relate to three headwater amphibians (Figure 11). 
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Figure 11. Cont. 

(c) 

The southern torrent salamander data indicated clear thresholds for water temperature and fine 
sediments; the probability of finding salamanders is reduced to zero above 15.5 °C, and they were 
found only where fine sediments were between 4% and 33% of substrate composition (Figure 11(a)). 
The probability of finding larval tailed frogs dramatically decreased in water temperatures >14 °C, 
where sand was >9%, and embeddedness was >77% of substrate composition (Figure 11(b)). The 
probability of occurrence decreased above 2% large wood cover (LW) (Figure 11(b)). For the coastal 
giant salamander the model indicated water temperatures where they occurred ranged from 10 to  
17 °C, substrate embeddedness below 76%, and LW less than 5% (Figure 11(c)). With all three species 
the upper thresholds in the models were unreliable where LW was high; probably indicating the 
difficulty of sampling for the animals in these areas. While we could not establish clear upper 
thresholds for LW and these species, the data do indicate an association. The role of LW in the 
distribution of these amphibians is probably indirect, manifesting in how it influences the arrangement 
of available streambed substrates ([66]). However, the resulting fine sediment and water temperature 
thresholds could be useful information for maintaining robust populations of these species 
(see [67,68]).  

Water temperature gradients are an important aspect of the niche of stream-dwelling species [69]. 
The thermal niches occupied by the amphibians in this assemblage can, like the thermal gradient of the 
network itself, be viewed hierarchically (Figure 12). The coldest niche is that of the headwater 
specialist torrent salamander [47], followed by that of the larval tailed frog, and the coastal giant 
salamander [48]; in many streams of the PNW this assemblage can also include juvenile coho salmon 
(e.g., [52]). While coho salmon have higher temperature tolerances than the three amphibians 
(Figure 12), and typically live further downstream, their closely aligned thermal niches (see also [70]) 
and hierarchical spatial relationships in the network, are consistent with what might be expected in a  
co-evolved cold-water-adapted fauna. 
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Figure 12. Thermal niches for three headwater stream amphibians and coho salmon. 
Amphibian thermal niches are based on data from Welsh and Hodgson [66], coho salmon 
thermal niche determined from Huff et al. [70]. 

 

In the Mattole we sampled 26 tributary streams that were independently sampled by the non-profit 
Mattole Salmon Group; the Salmon Group found just nine of these streams supported over-summering 
juvenile coho salmon—a species not sampled in our study. Comparing these datasets, we found 8 of 
these 9 streams (88%) had torrent salamanders and/or larval tailed frogs upstream of the coho [65]. 
Juvenile coho require cold-water summer refuges where they must put on sufficient growth in order to 
successfully out-migrate and return to natal streams as reproductive adults. The network juxtapositions 
(Figure 10) and hierarchically arranged thermal niches (Figure 12) of these unrelated species are 
consistent with a fundamental organizing principle of ecological assemblages based on shared 
influences of the physical environment [71]. This arrangement of thermal niches also suggests the 
possibility that the presence of these headwater amphibians could serve to indicate the ability of a 
stream to support over-summering coho salmon in regions where temperature is a limiting factor. 
These individual niche attributes are the species-specific factors that when understood and considered 
can facilitate the management of watersheds such that all the parts are maintained. 

5. Integrating Stream Organizing Concepts 

The hierarchical nature of these thermal niches is consistent with the model of network organization 
that views a stream system as a continuum [72] where abiotic and biotic processes change along 
predictable gradients unified by hydrologic connectivity (Figure 13). Poole [73] advanced this concept 
further by integrating it with the hierarchical patch dynamics perspective [74]. Hydrologic connectivity 
describes the continuity of fluvial networks, but more importantly, it describes the interconnectedness 
of the ecological processes within these systems [4,75]. As previously mentioned, this connectivity is 
not simply from upstream down but can also be the reverse as when salmonids deliver marine nutrients 
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to upstream reaches, a process that extends into the forest when salmon carcasses are moved by bears 
and other predators into the terrestrial environment (e.g., [76-78]). Critical to understanding the 
functioning of watershed processes and maintaining their complete biota, is the fact that stream continua 
cross multiple process domains, as illustrated in the Mattole [53], where different disturbances exert their 
unique influences on channel structuring and the locally adapted biotic assemblages (Figure 10, see 
also [73]). Sustaining all network elements and processes requires the recognition of this fluvial 
interconnectedness, as well as the particular process domains (Figure 7) and their specific disturbance 
potentials along this continuum (e.g., [23,42,43,45]). Recognizing and managing networks with this 
integrated view (Figure 14) is vital to maintain the ecological integrity of entire catchments and the well-
being of all of the interacting parts and ecological services (e.g., [79-81]).  

Figure 13. Relationship between stream size and the progressive shift in structural and 
functional attributes of lotic communities (Adapted from Vannote et al. [72]). 
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Figure 14. Each process domain (Figure 7) exerts unique hydrogeomorphic influences on 
the network continuum, creating and modifying specific channel types, each with its own 
dynamic patch mosaic of habitats. These varying patch mosaics determine the combination 
of flora and fauna that comprise the biodiversity within a stream network. To illustrate the 
concept here we have depicted part of the herpetofaunal assemblage based on [53],  
and identified several important ecological processes (see Figures 1 and 13 for others). A 
more complete list of ecological elements and processes of stream networks can be found 
in [45]; Table 6.1. 
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6. Conclusions—Conserving Vital Network Conditions 

Despite efforts to develop science-based guidelines for maintaining the ecological integrity of 
stream networks (e.g., [34,57]), current state riparian and channel protection rules in the PNW 
currently fail to recognize and address how different disturbance domains influence fluvial and 
ecological processes, as well as how hydrologic connectivity links and reciprocally influences key 
network components (Figure 14). This is particularly the case with headwaters (Figure 2). Numerous 
studies throughout the PNW have indicated that inadequate headwater protections alter channel 
attributes that can then adversely affect native biota in stream networks (e.g., [82]) (see [83] for a 
comprehensive list of amphibian studies). For example, studies in headwater streams in early-seral, 
post-harvest forests have consistently found higher water temperatures and greater fine sediment loads 
than in comparable streams in undisturbed, primarily late-seral forest (e.g., [46-48,51]); often at 
temperature and sediment values exceeding those tolerated by torrent salamanders and larval tailed 
frogs, (e.g., [23,51,65]).  

There has been a recent trend to present occupancy data from commercial forestry landscapes as 
evidence for the positive status of headwater amphibian populations in the PNW (e.g., [84,85]). There 
has also been an effort to discount the results of earlier studies indicating that amphibian populations 
had experienced negative effects on post-harvest timberlands because researchers failed to correct their 
data for detection probabilities [83]. There is no doubt that detection probabilities can be important 
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when estimating site occupancy, particularly for wide-ranging, fast-moving, secretive, or cryptic 
species (e.g., forest birds, bats, carnivores). However, it is of minimal concern for sedentary and, when  
present, highly visible and readily detected species like stream amphibians, animals that spend their 
entire life cycles in and near small, readily accessible, and easily sampled stream reaches. Deriving 
valid and useful estimates of their numbers is just slightly more difficult than counting goldfish in a 
bowl. Consequently, the emphasis on the absence of detection probabilities in this research [83] lacks 
credibility, and ignores the obvious and more significant issue that three decades of research (i.e., the 
preponderance of the evidence) has documented negative effects on these species from timber 
harvesting in the PNW. Given repeated harvest histories, it is quite possible that the detectability of 
stream amphibians on some commercial timberlands may be a real issue because populations have 
been so decimated (e.g., Figure 5) (see [38,86]); however, recently reported detection probabilities for 
six headwater amphibian species on managed timber landscapes with multiple harvests (all >0.9; [87]) 
suggests this is not a concern. 

Also relevant to this issue, there are now numerous studies from managed landscapes where 
amphibian abundances were compared across young forest age classes, with no comparable reference 
stands in un-harvested late-seral forests (e.g., [88,89]). However, lacking baseline data from late-seral 
reference stands for comparison, one cannot assess whether populations have recovered to healthy, 
functional, and self-sustaining levels (see [38,86]). While headwater amphibians are often present in 
low numbers following harvest, their failure to recover to densities found in nearby reference streams 
up to six decades post-harvest [90] illustrates the flaw in accepting occupancy or abundance data only 
from young and/or re-grown forests as valid evidence of recovered populations. Occupancy data in 
particular are of little value when investigating population status; what are needed are measures of 
relative abundance [91] or density data from streams on commercial forestry landscapes that can be 
compared with similarly derived data from streams on appropriate reference stands (e.g., nearby 
undisturbed late-seral forest) [92] (e.g., [47,48,82]). Only by comparing data from the entire seral 
continuum inclusive of late-seral reference sites can one establish baseline values for these species that 
approximate the population levels likely to maintain ecological functionality (e.g., [93,94]). Similar data 
for multiple native stream taxa compared across a range of harvest treatments on PNW commercial 
timberlands and nearby reference stands would also be valuable. Such a multi-taxa approach is needed 
to establish meaningful minimal riparian protection criteria throughout catchment networks that will 
protect all sensitive biota and the ecological integrity of these entire systems (see [22]).  

My hypothesis that the lack adequate headwater protections are having a negative effect on stream 
biota across the PNW needs to be evaluated at the scale at which timber harvesting is happening under 
lax riparian rules across thousands of watersheds from Alaska to central California, and in conjunction 
with the evidence of the widespread depletion of aquatic organisms and the concomitant alteration and 
degradation of their supporting network ecosystems. The spatial dimensions of this anthropogenic 
process and the evidence of its negative consequences, support the view that the failure to adequately 
protect headwater channels from sediment connectivity [44] and other negative alterations (e.g., altered 
thermal regimes) is a primary reason for the widespread negative effects on freshwater resources 
throughout the region. It follows logically that these systematic and widespread headwater disturbances 
would have additive effects with each subsequent harvest because industrial timber rotation times are not 
sufficient to allow the recovery of healthy network conditions and processes, as evidenced by the 
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widespread cumulative effects now apparent in the PNW [95]. The widespread negative effects on 
most of the stream biota of the PNW, including salmonid fishes, is now evident in a large body of 
research (see [96] and cites therein). These effects are magnified first by this vast spatial scale, and 
magnified again by the direct and negative effects on the most abundant life stage of salmonids and 
other stream organisms—the vulnerable egg stage, where the potential for large future cohorts is 
compromised and vastly reduced before they are able to develop into the next generation (e.g., [51,97] 
and cites therein). The physical effects of these anthropogenic processes extend even into coastal, 
estuarine, and marine environments [98,99]. That these detrimental consequences are not better 
understood and remain insufficiently addressed is the result of a failure across the PNW to conduct 
meaningful evaluations of cumulative watershed (i.e., landscape scale) impacts [95].  

While there can be regional variation in vulnerability to different types of stream network 
disturbances in the PNW as a result of latitude (e.g., maximum water temperatures), parent geology 
(e.g., fine sediments), etc.; key network attributes and processes (Figure 14) are common to catchments 
throughout the region (e.g., large wood, sediment sorting, thermal regimes, riparian microclimates). 
Consequently, the current fish-centric riparian protection rules in the PNW (Figure 2) are in need  
of adaptive management that recognizes and addresses all of the elements and processes that comprise 
the ecological integrity of entire catchments. A revised set of rules would more likely protect 
catchment-wide ecological integrity if it included a suite of bio-indicator species that tracked the 
effectiveness of improved watershed protection measures and could indicate when and where 
modifications were needed [22].  

Strategies designed to protect steam network attributes and processes are readily available, as is 
evidence of their effectiveness to maintain attributes and functions while not compromising resource 
extraction. The Aquatic Conservation Strategy of the Northwest Forest Plan was designed to protect 
the integrity of entire networks [34]; however, its success has been limited because it was restricted to 
federally owned landscapes. The efficacy of this approach to reduce sediments into headwater 
channels has been confirmed by research on the highly degradable granitic parent geology of the Sierra 
Nevada in California [100]. In California there has been movement toward better protections with new 
coho salmon rules [101], but these efforts are limited in geographic scope and fall short of protecting 
some key headwater processes. Fortunately, some commercial timberland managers are recognizing 
and addressing these issues independent of state rule-making by developing their own improved 
guidelines, often as part of Habitat Conservation Plans being developed with relevant federal agencies. 
Given current efforts to re-write forest planning rules by the US Forest Service [102], along with an 
increased national focus on the condition of watersheds [18,19], it is timely to emphasis the need to 
revise aquatic/riparian protections so that they are inclusive of entire catchments and their essential 
processes (see [96]). 

If our watersheds were managed under an integrated network paradigm they could again produce 
large annual cohorts of anadromous species as in the past, and vacillating conditions in the marine 
environment would be of less consequence; as it is now, even the best ocean conditions cannot produce 
something out of nothing. Our watersheds, headwater amphibians, and salmon runs will not return to 
healthy conditions until we apply science-based protections from headwaters through downstream 
spawning and rearing areas, protections not trumped by economics focused on the extraction of greater 
basal area at the expense of native biodiversity. The notion that we can allow our watersheds to 



Diversity 2011, 3   523 
 

 

unravel from the top due to insufficient headwater riparian protections, in the meantime pretending that 
current protections are preserving salmonids and other aquatic organisms, is clearly a misguided 
fallacy rooted in denial. This fallacy is at the expense of many vital enterprises, beginning with those 
that catch, process, and supply people with wild salmon, one of the richest and most valuable protein 
sources available and one that supports many of the planets’ societies and ecosystems. The best 
available science dictates a view of watersheds that provides protections based on an understanding of 
disturbance regimes as part of the non-equilibrium nature of ecosystems [103]. Only by understanding 
and respecting the synergism of fluvial, geomorphic, and ecological processes can we sustain healthy 
forest and stream biota. This includes the ability of those forests to grow at their maximum rates and to 
sequester the most atmospheric carbon (e.g., [104,105]), a subject of great relevance today in the face 
of global climatic shifts [106,107]. These insights, developed from research on amphibians and stream 
network processes in the Pacific Northwest of the United States, are relevant to biota, forests, and 
watersheds worldwide. 
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