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 Preface
 
 Having started a ﬁsh–forestry interaction course in the Faculty of Forestry, University of British Columbia early in the 1970s, one of us (TGN) soon realized that the students needed a book that assembled the complex breadth and depth of the subject. Somewhat later, attempts to develop such a book failed for a number of reasons. The focus was to be largely on salmonid ﬁshes in the Paciﬁc northwestern area of North America, integrating results from relevant major research and management studies started in the 1950s to 1970s in Oregon, Washington, British Columbia and Alaska. Various conferences, workshops and other publications in this geographical area now have covered separately much of this focus and these have been extensively referred to in appropriate Parts and chapters of this book. Over the last several decades, both editors of this book have travelled extensively and have worked on inland ﬁsh, ﬁsheries and forested habitats, especially in Latin America, Scandinavia and New Zealand (TGN), as well as in Africa, Scandinavia and New Zealand (GFH). In 1995 after the Paciﬁc Science Congress in Beijing, we toured aquatic and some forested regions of central and far western China under the auspices of the Chinese Academy of Sciences. We realized that major problems in ﬁsh–forestry interaction were not only to be found in the Paciﬁc Northwest, nor only with respect to salmonids, but occurred widely over forested regions of the world and involved many other important groups of ﬁshes in both inland and estuarine–coastal waters. In late 1999 via Dr D.T. Crisp who was then completing a book on the ecology, conservation and rehabilitation of trout and salmon, we learned that Blackwell Science might be interested in publishing a book on ﬁsh–forestry interaction. They approached us and together we worked up an outline that gained their approval. We each brought into the project some similar and some different interests, background and expertise. That of TGN was largely in university teaching and research, ﬁrst in limnology and ﬁsh ecology/migration, and then as well in ﬁsh–forestry interaction. That of GFH spanned university teaching and research in ﬁsh ecology, but also ﬁsheries and wildlife management in various parts of Canada, and direction of a longterm major research project dealing with impacts of forestry practices on a coastal stream ecosystem – Carnation Creek in British Columbia. From the onset we wanted this book to approach the subject from a worldwide viewpoint. Several of our colleagues argued against this, saying that such coverage would just not be possible. We appreciated their concern for two reasons. In respect to depth of coverage for topics such as forest ecology, stream ecology and lacustrine ecology, there are tens of thousands of relevant publications for each of these disciplines. ix
 
 x
 
 Preface
 
 In respect to breadth of coverage it was, as expected, very difﬁcult to ﬁnd contributors from all areas who were able to complete chapters, or in some cases even available and prepared to attempt to do so. Regarding the latter we ran into several disappointments. We had hoped to have a separate chapter on hydrology–geomorphology but the authors for this belatedly defaulted so this coverage in synoptic form is given in Chapter 13. We knew that we must have coverage of Russia/Siberia and of Africa. GFH had contacts in both these areas and had worked intensively in several regions of Africa. After many attempts he could not ﬁnd anyone in either area that would take on the task. We also knew that eastern and southern USA should be covered but our lead candidate there had to drop out because of serious family illness. For China, another key area, we had committed chapter authors, but the lead one eventually defaulted late in the sequence. To ﬁll these and other geographical gaps as well as possible, we have added brief coverage in a section of the ﬁnal chapter where we review general insights from a worldwide summary of the subject. Even then there are other regions that probably should have been included. However, we had concern about how much we could put between two covers, as surely did our publishers. Also as retirees, there was a limit to how far we could push ourselves and maintain our good personal relationship, and perhaps more importantly the humour of our respective spouses. In the course of requesting chapter authors and in the editing of them, we made many ﬁne friends, most only by e-mail. Even so it has been a great pleasure to get to know even superﬁcially so many exceptional people from all around the world. The Contents section provides an outline of the major Parts and chapters of the book. At the end of the introductory ﬁrst chapter we give a rationale for this organization.
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 Part I
 
 Introduction
 
 Chapter 1
 
 An introductory overview of ﬁsh–forestry interactions T.G. NORTHCOTE AND G.F. HARTMAN
 
 What are ﬁsh–forestry interactions? Many species of ﬁsh occupying inland waters of the world during all or part of their lifespan reside in watersheds that were or still are surrounded by forests and are dependent in major ways upon such cover. The complexity of interactions between ﬁshes and forests has only been recognized in the last few decades. These interactions are multifaceted, dynamic processes involving most inland surface waters (streams, rivers, marshes, lakes, reservoirs, estuaries), forests, subsurface waters, geology and soils, climate and its changes, and the biotic components of the relevant ecosystems. The latter range from bacteria to birds and mammals that interact in many ways with ﬁsh. The interactions also include the aspects of forestry tied to human development, economics, population growth, and even philosophies. Forestry is an important activity in many regions of the world. However, it is only one of the many factors affecting ﬁsh abundance and long-term survival in watersheds. Overﬁshing, dams, hatcheries, aquaculture, genetic stock alterations and others must be considered and evaluated. Climate change, anthropogenic or not, now also seems to have had major impacts on Paciﬁc salmon abundance during the last three centuries (Brown 2000; Finney et al. 2000), and on other freshwater ﬁshes as well. And forest ecosystems are also greatly affected – see the special section in BioScience 51: 709–79 (2001) and technical comment abstracts in Science 299: 1015 (2003) (www.sciencemag.org./cgi/content/full/299/5609/10152a,&b). The rate of forest removal is high though variable in many areas of the world. A survey of the status of the world’s forests by the Food and Agriculture Organization of the United Nations in March 2001 suggests that global rates of forest loss decreased in the 1990s to an annual average net loss of 9 million hectares or 0.2% of the global total. There was almost immediate disputation of the survey validity (Stokstad 2001), with strong suggestions that it understated the rate of loss. The Brazilian Amazon has the world’s highest absolute rate of deforestation, conservatively averaging nearly 2 million hectares per year from 1995 to 1999 (Laurance et al. 2001a; see also Silveira 2001; Laurance et al. 2001b; Williams 2003). About 70% of Thailand was forested by 1936, dropping to 25% by 1982 (Ramitanondh 1989), and is signiﬁcantly less now (Campbell & Parnrong 2001), with 30% of a national park alleged to have been illegally logged. A similar problem occurs in Indonesia (Jepson et al. 2001). Only some 10% of remaining forests in parts of the Mekong basin now are commercially valuable (UNEP, Global Environment Outlook-2000). The annual area harvested for timber in 3
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 Canada rose steadily from about 4000 km2 in 1920 to over 10,000 km2 in 1995 (May 1998), still a relatively low rate of about 0.43% per annum, but one pushing into less productive higher elevations and more northern areas of the country. The question of sustainability must be considered, locally and globally. Deforestation reversal is possible, as in Europe where the forest area has increased by more than 10% since the early 1960s (UNEP, Global Environment Outlook-2000). However, afforestation rates in many areas such as Africa are far less than those of deforestation. Watershed ecosystems are highly complex. Many years of research are required to gain some understanding of processes in a small drainage and much more to understand large systems. In the small Carnation Creek watershed (about 10 km2) in south coastal British Columbia, interactive processes between forests, logging and ﬁshes were complex, time-lagged and variable depending on drainage features, tree species, logging patterns and ﬁsh species (four salmonids and two cottids) with their different life history stages (Hartman & Scrivener 1990). Consider then the complexities that must underlie ﬁsh and forestry interaction in the Amazon River basin, some 6.5 million km2 in area, with the richest ﬁsh fauna in the world. Over 1300 species (Lowe-McConnell 1987), many poorly known and probably many more still undescribed, live there within some 40% of the world’s remaining tropical rainforest. Furthermore, interactive complexities via invertebrate ﬂuxes between forests and streams, representing up to 44% of the annual energy budget of their ﬁsh and bird predators, can shift seasonally in timing and extent of ﬂow. Thus human-induced change in stream riparian habitat may cause serious effects on reciprocal energy ﬂow between land and water environments (Willson et al. 1998; Nakano & Murakami 2001; Power 2001; Fausch et al. 2002). Salmon and other anadromous ﬁsh returning from the sea bring vital nutrients back to stream systems (Ben-David et al. 1998). Clearly in both small and large watersheds there are many complex and important interactions between ﬁshes and forests. If the further complex of effects that arise from the many-faceted activities of forestry are imposed on watersheds, an extremely diverse array of responses may be expected. The nature and extent of these will depend on the physical severity of the impacts, the hydrological and geomorphological features of the drainage, and the characteristics of the biota.
 
 Where can ﬁsh–forestry interactions occur? As a ﬁrst approach to outlining the global distribution of ﬁsh–forestry interactions, we summarize the world land cover occupied by forests (Fig. 1.1A). In places these interactions may extend into areas below those that are forested as a result of downstream progression of impacts, or even above by climatic impacts of lowland deforestation on upper montane cloud forests (Lawton et al. 2001). Furthermore shrublands and woody savannas may be harvested for fuel wood or small construction timber although not technically classiﬁed as being forested. Globally (Anonymous 1999; see also Olson et al. 2001), forest/woodland contributes the highest percentage of land cover (27.5%), followed by a cropland/natural vegetation mosaic (19.2%), shrubland (14.2%) and grass/savanna (14.0%), with the
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 1000 to 2000 mm
 
 Fig. 1.1 (A) World distribution of major forested land cover areas (stippled), combining ﬁve forest categories. Adapted and generalized from The Times Atlas of the World, Tenth Comprehensive Edition (Anonymous 1999), which should be consulted for any detailed consideration of speciﬁc regions. Based on 1992/1993 satellite imagery at a ground resolution of 1 km and shown in the Goode Interrupted Homolosine Projection. See also Stokstad (2001) for a world forest distribution map showing deforestation and afforestation areas >0.5% per year. (B) World distribution of four ranges of mean annual precipitation.
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 remainder wetland, urban, and barren snow or ice. On a continental comparison of forest/woodland cover, North and South America have the highest and about equal amounts – some 43%. Next in sequence are Australia (about 27%), Eurasia (about 25%) and Africa (about 24%). A slightly different pattern emerges if only forest cover is considered (Table 1.1). Europe has a large forest area, exceeded slightly by Central and South America, with the latter areas having the highest percentage of forest cover, 47.1%. North America has some 457 million hectares of forest, or about a quarter of its land base. Africa and Asia each have over 500 million hectares in forest, about 18% and 16% of their total land areas respectively. Overall, some 26.6% of the world’s total land area is forested. Half of the world’s closed canopy forest lies in Russia, Canada and Brazil (Holden 2001a). A broad band of forest cover extends from western Alaska across North America and from eastern Norway across much of Sweden, Finland and Russia/Siberia to the latter’s eastern margins (Fig. 1.1A). Vegetation cover above 40º N is spreading as a result of global warming (Holden 2001b). Apart from those areas, however, much of the remainder of the world in a similar northern latitude band is rather sparsely forested. The forested areas from western Mexico down through Central America are not followed at similar latitudes across the world’s lands until one reaches Myanmar (Burma) (note that here and elsewhere, place, country and region names follow Anonymous (1999)), Thailand, Cambodia, Laos and Vietnam. In the southern hemisphere (and extending partly into the southernmost region of the northern hemisphere in South America), is the largest concentration of the world’s forested land (Fig. 1.1A). At approximately similar latitudes in western and central Africa there is another sizable forested area, picked up again in Sumatra, the areas of Malaysia, Indonesia and New Guinea. Throughout the remainder of South America and Africa (including Madagascar) there are scattered bands of roughly north–south oriented forest lands. Similar bands are also found along the eastern margins of Australia (including northern Tasmania), and along mainly the western side of the South Island of New Zealand, as well as in some north and central parts of the North Island. Table 1.1 Forested areasa in major regions of the world Region Central, South America Europe North America Africa Asia Oceania World a
 
 Forest area (million ha)
 
 Forest area as % of total land area
 
 950.0 933.4 457.1 520.2 503.0 90.7 3454.4
 
 47.1 41.3 24.9 17.7 16.4 10.7 26.6
 
 Reorganized regionally from Forestry Commission Facts and Figures 1998–99, Edinburgh, Scotland; originally published by FAO/UN in State of the World’s Forests 1999. (Courtesy Dr D.T. Crisp.)
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 What ﬁshes may be involved? There are 34 orders of ﬁshes with freshwater representatives (Nelson 1994) relevant here (Table 1.2) that include over 10,000 freshwater species. Two of these orders have only one species (the Australian lungﬁsh, the North American bowﬁn) and another, the cods, has only one fully freshwater species, although other species of cod sometimes enter river estuaries or ascend further upstream (Scott & Crossman 1973). In contrast, there are four orders of freshwater ﬁshes each with well over 1000 species (Table 1.2) – the cyprinids, the catﬁshes, the percids and the characins – followed by the cyprinodonts with over 800 species. Together these ﬁve major groups account for nearly 90% of the relevant freshwater ﬁsh species. All 34 orders of freshwater ﬁshes have species living at least during part of their life in rivers or streams (Table 1.2), and at least 25 of these occur in lakes or swamps, along with 26 orders with estuarine representatives. Clearly the three major types of inland waters have strong representation from a very diverse assemblage of ﬁshes that may be exposed to whatever effects forestry practices have on these different inland water habitats. At least 20 of the orders of freshwater ﬁshes include species having considerable importance for local food use, for major commercial ﬁsheries, and for aquaculture or aquarium culture purposes (Table 1.2). Central and South America and Africa each support over 3000 freshwater species (Table 1.2), with representatives from 23 and 22 different orders respectively. Eurasia has over 2000 freshwater species (20 different orders), with over 800 in North America (25 orders) and nearly 800 in insular Oceania (19 orders). Australia and New Zealand together have 187 freshwater species (23 orders). In general, there would seem to be a strong potential for forestry interactions to have effects on a very large number of freshwater ﬁsh species. Many are of considerable importance to man. They occur over a broad range of the world’s forested lands, and are found in various types of inland waters, from very small streams to large rivers and lakes to estuaries. There is considerable overlap between forested areas of the world and precipitation greater than 100 cm per year (cf. Figs 1.1A and B). The boreal zone is an exception; most cold zone forests have annual precipitation between 25 and 100 cm. In Central and South America 41 of 46 families of ﬁsh using inland habitats have distributions that are overlapped 70% or more by dense forest and rainfall >100 cm per year (Table 1.3). In the insular Oceania region, 17 of 34 families have distributions that are overlapped 70% or more by dense forest and precipitation >200 cm annually. In North America the distributions of anadromous salmonids (family Salmonidae) are overlapped by dense forest and precipitation >100 cm per year, and 32 of 34 families there have distributions in dense to sparse forest zones. In Eurasia 5 of 54 families have distributions that are overlapped 70% or more by dense forest, and all but two families occur where precipitation exceeds 25 cm per year. In Africa, 3 of 33 families have distributions that are overlapped 70% or more by dense forest zones. Most of the ﬁsh families considered have distributions within dense forest zones, but many also extend their distribution into more sparse forest cover where precipitation may be as low as 25 cm per year.
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 Table 1.2 Freshwater habitats used and approximate number of ﬁsh species in 34 orders as recorded mainly by Nelson (1994) for major regions of the world. S,R = streams, rivers; L,S = lakes, swamps; E = estuaries.
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 *Indicates that species within the order have considerable importance for food, commercial or recreational ﬁsheries, or for aquaculture, aquarium culture. a Including Mexico; bincluding China; cincluding Madagascar; dSumatra, Java, + chain out to Timor, Borneo, Philippines, New Guinea (Plate 2, Anonymous 1999); enot necessarily the same as in ‘species using freshwater’ in Nelson (1994); fAustralian; gSouth American, African; hsturgeon + paddleﬁsh; iminnows, gyrinocheilids, suckers, loaches; jpikes + mudminnows; ksmelts, noodleﬁshes, antipodean smelts, galaxids; lwhiteﬁshes, ciscoes, graylings, salmon, trout, char, etc.; mbedotiids, blue eyes, silversides, phallostehids; nmedakas and related subfamilies, needleﬁshes, halfbeaks; o rivulines, killiﬁshes, topminnows, valenciids, anablepids, poeciliids, goodeids, pupﬁshes; psticklebacks, pipeﬁshes, indostomids; qswamp-eels, chauduriids, spiny eels; usculpins, oilﬁshes, abyssocottids.
 
 An introductory overview of ﬁsh–forestry interactions
 
 20. Osmeridsk* 21. Salmonidsl* 22. Percopsids 23. Cods* 24. Toadﬁshes 25. Mullets* 26. Atherinidsm* 27. Belonidsn 28. CyprinodontidsO* 29. Gasterosteidsp* 30. Synbranchidsq 31. Scorpaenidsu* 32. Percids* 33. Flatﬁshes* 34. Puffers* Totals
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 Table 1.3 Number of cases for major world regions where freshwater ﬁsh familiesa occur primarily in inland or coastal areas, and where their distributions are overlapped 70% or more by forested lands (Fig. 1.1A) Number of casesb Region North America Central, South America Africa Eurasia Australia, New Zealand Oceania
 
 Number of cases
 
 Inland
 
 Coastal
 
 ≥ 70% overlap by forests
 
 33 46 33 54 18 34
 
 16 14 18 24 22 22
 
 1 41 3 5 2 17
 
 a
 
 As given for 157 freshwater ﬁsh family distributions by Berra (1981). Columns will not total 157 because some families are represented in several regions and others only in one.
 
 b
 
 Why a book on worldwide ﬁsh–forestry interactions? In addition to at least three bibliographies dealing in part or whole with ﬁsh–forestry interaction (Gibbons & Salo 1973; Blackie et al. 1980; Macdonald et al. 1988), there are a number of publications which cover some aspects of the subject of interaction between ﬁshes and forestry practices. A paper by Salo (1967) contained some important early insights into logging impacts and the ability of salmon to recover from habitat disturbance. One of the most comprehensive works, Meehan (1991), grew out of an earlier series of reports examining relationships between forest and range management and salmonid ﬁshes in western North America, and Murphy (1995) provides more recent coverage. Others are from symposia or conferences on special aspects of the subject (Krygier & Hall 1971; Hartman 1982; Meehan et al. 1984; Salo & Cundy 1987; Chamberlin 1988; Laursen 1996; Brewin & Monita 1998). Some deal largely with special aspects of forestry effects and interactions mainly with salmonids in the Paciﬁc Northwest of North America (Brown 1980; Toews & Brownlee 1981; Maser & Sedell 1994), while others consider in great depth and detail a single watershed (Hartman & Scrivener 1990; Candell & Guvå 1992; Hogan et al. 1998; Näslund 1999). Many of the earlier studies on watershed deforestation gave little or no emphasis to ﬁsh, such as that on the Hubbard Brook Experimental Forest in eastern USA, updated by Martin et al. (2000). Exceptions are 5 of the 18 papers summarized by Carignan & Steedman (2000) dealing with a temperate North American assembly of aquatic ecosystem responses to episodic deforestation and acid rain. For various reasons, the subject to date has concentrated largely on salmonid ﬁshes. These may be severely affected by forestry activities; see for example the relevant section in Crisp (2000). We wanted to extend consideration as much as possible to nonsalmonid ﬁshes and to other temperate, subtropical and tropical inland waters of the world, believing that in doing so interesting parallels might be shown and informative differences might emerge. To our knowledge there is no book attempting to give a
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 broad world coverage of ﬁsh–forestry interactions based on an integrated ecological understanding of forests, ﬁshes and the inland waters involved. We feel strongly that relevant professional workers (forestry, ﬁsheries and others) need a comprehensive synthesis of the subject. So too we believe do senior undergraduates, and graduate students (as well as some of their professors), and also the natural resource and environmentally concerned public in general.
 
 What is the historical background of ﬁsh–forestry interactions? Forest removal for timber began millennia ago in Greece and Italy (Abramovitz & Mattoon 1999), and elsewhere in Europe in the Middle Ages (Elliott et al. 1998; Williams 2003). The effects on ﬁsh in watersheds exposed to such activities were largely unrecorded. So too were those effects associated with later major forest cutting for ﬁrewood, agriculture, housing or boat construction in many other parts of the world such as northern Europe, North America and South America. Historically, and even up to the present day in some regions, forest removal has long preceded the development of understanding or concern about its impacts on aquatic systems and especially ﬁsh. In the Great Lakes region of North America large white pine trees up to 2 metres in diameter were so abundant in the mid-1800s that loggers considered that those smaller than 1 metre across were ‘undersized’ (Abramovitz & Mattoon 1999; see also Abrams 2001). Large-scale logging of white pine has been put forward as one of the three main causes for the extirpation of Arctic grayling in watersheds draining into the Great Lakes (Vincent 1962). But the shape and structure of North American forests probably was altered considerably over millennia before the arrival of recent European settlers, as a result of climate changes and early Eurasian colonists (Kloor 2000). Large-scale old-growth forest logging with major effects on the ﬂora and fauna of watersheds, and possibly also climate, is still carried out in boreal and temperate forests of Canada (Schindler 1998), western Europe and Eurasia. Deforestation by logging and other human activities has occurred in parts of South America, as well as in many of the world’s tropical forests (Kummer & Turner 1994; Skole et al. 1994; Cochrane et al. 1999; Curran et al. 1999; Nepstad et al. 1999; Gascon et al. 2000; Wuethrich 2000; Holden 2002). Indeed almost half of the world’s former forest cover is now gone (Abramovitz & Mattoon 1999), with minimal chances of major replacement. There are also effects related to log transport, especially in streams and rivers. In Sweden man-made river ‘ﬂoods’ by sudden release of water stored behind small dams started in the 1500s and 1600s, and between 1881 and 1965 nearly 200 million logs were ﬂoated down one river alone (Birger 1966). This practice must have had serious effects on stream biota including ﬁsh but studies on these were not started until the late 1800s (Müller 1962). Similar releases for downstream log transport were used in many parts of North America (Sedell et al. 1991) and New Zealand well into the 1900s. Railway and road transport, especially in the construction and maintenance phases, can seriously affect watershed conditions and ﬁsh (Cederholm et al. 1982; Reid & Dunne 1984; Paulsen & Fisher 2001). The many effects of log processing (milling for lumber, pulping for paper) have a history spanning well over a century, as have many of
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 the silvicultural practices during forest renewal and protection from disease and pests. Application of pesticides to control forest insects dates back close to half a century (Fettes 1962; Warner & Fenderson 1962). Furthermore, forestry-related ﬁre suppression has had unfavourable long-term ecological effects (Holling & Meffe 1996; Kloor 2000), despite the claim attributed to G.W. Bush that restrictions on logging should be relaxed because fewer forests would mean fewer forest ﬁres (Anonymous 2002; see also Malakoff 2002).
 
 Section/chapter organization and rationale It is the above broad array of topics that we will cover in the next seven Parts (see Contents). Chapters 2–5 provide an overview of the ecology of forests, watersheds (streams and rivers), lakes and estuaries. Then we summarize key information on the biology of ﬁsh within these interconnected systems in Chapters 6–9, as a ﬁrst essential for ﬁsh protection and management in forested landscapes. In the next three chapters (10–12) we describe the activities in which the forest industry engages to obtain wood ﬁbre, transport it, process it and regenerate new stands of timber. Then follows a review of the effects that these forestry activities – including pulp and paper mills – have on watersheds, lakes and estuaries, along with their food webs leading to ﬁsh (Chapters 13–16). Next there are a series of chapters that we have solicited to describe in more depth the ﬁsh–forestry interactions in a number of major regions around the world. Finally we consider the regulation–management–education interfaces reﬂected in the regional chapters and speculate on means to effect better ﬁsh–forestry interactions (Chapters 31–34). The book has aimed at a broad coverage. Because of this, many of the chapters – such as those on the ecology of forests, streams, lakes and estuaries, which might in themselves each ﬁll a single book – are not treated in great depth. The references selected should lead to more in-depth consideration.
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 Ecology of the Systems
 
 Chapter 2
 
 Forest ecology The study of the ecological (spatial), biological and temporal diversity of forest ecosystems J.P. KIMMINS
 
 Introduction The topic of forest ecology is too broad to be summarized adequately in this chapter, so this is not attempted. Rather the chapter focuses on the key issue of forest stewardship and sustainability: managing the dynamics of forest ecosystems in terms of a balance between ecosystem disturbance and post-disturbance ecosystem development. For a more detailed treatment, see Kimmins (1997, 2003a). Forest ecology is the study of forest ecosystems – ecosystems in which ecological processes are dominated by trees. Trees are frequently, but not always, the dominant plant life form in humid, precipitation-rich climates that have adequate summer warmth, and forests are therefore intimately related to the rivers, streams and other aquatic habitats that occur or arise in such climatic areas. Because of the intimacy of the forest–water interconnections, most of the ecosystems that feed river systems either are forested, or were forested before land clearance for agriculture and other land uses. Their physical, chemical and biological characteristics are, or were previously, determined largely by the presence of live and dead trees. The ﬁsh and other aquatic organisms of forest streams – the ﬁrst, second and third order streams that arise in and drain forested landscapes – are, to a great extent, forest organisms. The characteristics of their aquatic environment and the majority of their food supply and nutrients, for part or all of their life cycle, originate as forest plant biomass and litterfall. Understanding, predicting and managing the hydrology and ecology of these water bodies and the aquatic plants, animals and microbes they support must, therefore, be based on an understanding of the ecology of forest ecosystems. The world’s population doubled between 1960 and 2000 – an increase of three billion. Fortunately, the rate of human population growth is slowing, but it is still expected that this century will see another three to ﬁve billion people adding to the pressure that our species is putting on the planet’s forests, water and ﬁsh resources (Lutz et al. 2001; UN 2001a,b; IIASA 2001). Even after the population has peaked and possibly declined somewhat, pressure on the world’s forests and forest resources is expected to continue to increase for a considerable period of time as per capita standard of living rises (Wackernagel & Rees 1996). It is therefore imperative that humans establish a more sustainable relationship to their environment and its resources now, before more damage is done to the forests and the water they yield in areas where the population continues to increase.
 
 19
 
 20
 
 Fishes and Forestry – worldwide watershed interactions and management
 
 The biophysical issues of ecosystem sustainability, productivity, biodiversity and carbon budgets, and the overarching issue of climate change, have dominated the discussion about the environment for the past decade. However, resolution of the present conﬂict between the human species and the global environment is fundamentally a political and social rather than a natural science issue. While it is unlikely that we will ﬁnd a sustainable solution without a sound ecological foundation for the evolution of policy and practice, as much or more work is needed on the social, cultural, economic and political aspects of our environmental problems without which all the natural science in the world will not achieve our objectives (see, for example, Lugo 1995). The review of some of the key concepts and issues of forest ecology in this chapter is made in the context of contributing to this ecological foundation, but it is not considered that such information will, on its own, provide the solution to ﬁsh, water and watershed issues. This chapter examines the three key dimensions of forest ecosystems that are important from both a conservation and a management perspective: ecological diversity (the ecological stage, set by the climate, topography, geology, soil and physical disturbance factors), temporal diversity (the ecological play, representing ecosystem disturbance and the ecosystem process of post-disturbance recovery and development), and biological diversity (the ecological actors, determined by the ecological stage and the ecological play). In the face of 6 billion people headed for 9 to 11 billion, and with the threat of human-induced climatic change, ecosystem response to natural and human-induced disturbance has become the key issue and is, therefore, the focus of this chapter.
 
 Forest ecosystem attributes Forest ecology is the study of forest ecosystems. A forest is a terrestrial ecosystem in which the ecological processes, the physical and chemical conditions, and the availability of plant, microbial and animal habitats are determined by the dominance of the system by trees. A forest may refer to a stand-level ecosystem (e.g. 1–100 ha), or to a local (e.g. 100–1000 ha) or regional landscape (e.g. 1000–100,000 ha or more). A forest stand is deﬁned as: an aggregation of trees occupying a speciﬁc area and sufﬁciently uniform in composition, age, arrangement and condition so that it is distinguishable from the forest in adjoining areas. Stands are the basic management unit in silviculture (Dunster & Dunster 1996). Forested landscapes can, and generally do, contain aquatic and terrestrial areas that are not occupied by trees, but the overall ecological, hydrological and biological character of the landscape still reﬂects the dominant role of trees. A terrestrial ecosystem is any system of biological and physical components and processes of energy and material exchange that exhibits the following ﬁve attributes: structure, function, interconnectedness, complexity and change over time. Aquatic ecosystems have similar attributes, but have structural, functional and temporal differences in comparison with terrestrial ecosystems, depending on the type of aquatic ecosystem involved. Large lake ecosystems differ considerably from forest ecosystems, whereas ﬁrst order forest streams share more in common with their ter-
 
 Forest ecology
 
 21
 
 restrial counterparts. Many aquatic ecosystems exhibit less change or slower change over time than many terrestrial ecosystems. For a detailed treatment of ecosystem function, physical factors, and population and community structures and processes, see Kimmins (2003a). The major focus in the following discussion is on the attribute of change over time.
 
 Structure Forest ecosystems exhibit a variety of structural characteristics of which the mass and spatial arrangement of live and dead plant biomass are the most important. They determine habitat for forest animals and microbes, and affect soil and hydrological processes. The vertical and horizontal variability in plant structure is a major component and determinant of biological diversity. Multiple plant canopy levels (trees, shrubs, herbs, bryophytes, epiphytes and climbers), the diversity of sizes of standing dead trees (snags) and decomposing logs on the ground (coarse woody debris or CWD), and the horizontal variation (the spatial variability) in vertical live plant structure, snags and CWD are the major components of forest community structure. Other components of structure are the soil and the animal and microbial communities. While not strictly speaking ‘structure’, microclimate has traditionally been considered to be part of the structural ecosystem attribute. However, the creation of microclimate can be considered a functional aspect of forest ecosystems.
 
 Function The creation of biomass by plants is the single most important functional process in terrestrial ecosystems. It creates the energy (food) supply that drives most animal and microbial populations, and is the dominant foundation for biotic community food webs. Plant biomass also creates habitat for animals and microbes, and produces acids and other chemicals that are important in geological weathering and soil development, and thus in nutrient cycling. The creation of plant biomass requires nutrients. As a consequence, a major function of ecosystems is regulation of the inputs of nutrient chemicals into ecosystems, the mobilization of unavailable nutrient and other elements from inorganic and organic sources, and the circulation, concentration and retention of nutrients within the ecosystem. A third important function of terrestrial ecosystems is the regulation of the hydrological cycle. Precipitation inputs to forests are largely determined by air mass movements and seasonal variations in temperature interacting with topographic features, and by systems of variation in atmospheric pressure. Plant biomass generally plays a modest role, although effects such as fog drip and snow accumulation can be signiﬁcant in some forests. In contrast, trees play a major role in regulating the loss of water back to the atmosphere through canopy interception loss, evaporation and transpiration. They also regulate snowmelt, surface runoff, inﬁltration into soil, water storage in and movement through the soil, and the quantity, quality and regimen of water moving out of the terrestrial ecosystem into aquatic ecosystems.
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 In forest ecosystems the creation of an organic forest ﬂoor, the maintenance of mineral soil organic matter and mineral soil structure, and the creation of root channels that allow for rapid conduction of water from the soil surface to groundwater, are important contributions to forest hydrology and the character of associated water bodies. The production of coarse woody debris (CWD: decomposing logs) that limits surface runoff on slopes and creates and sustains stream habitat diversity is another important role of the forest. The creation of microclimates as a plant-mediated modiﬁcation of local climate is also a major functional role of ecosystems.
 
 Interactions and interconnectedness between ecosystem components A key attribute of any system is the interactions between its structural components and functional processes. An assemblage of soil, plants, animals and microbes that are not interacting, if this were possible, is not an ecosystem. Only when these structural components are arranged in such a way that they interact to function in biomass creation, energy ﬂow, material exchanges, hydrological control and microclimatic regulation do they constitute an ecosystem. There is a wide range of interactions, from the association of soil fungi with the tree roots that is critical in tree nutrition and access to soil water, to interactions between minor vegetation and trees, and the action of pathogens that result in the death of individual trees and create snags and CWD. It is the interconnectedness of the structural components and functional processes of forest ecosystems that deﬁnes their characteristics and response to disturbance, and constitutes the ecosystem. This interconnectedness requires that forests be managed as a system rather than managing the component parts or values separately.
 
 Complexity It is an inevitable feature of a system that has many structural components, many functional processes and a wide range of interactions, that it is difﬁcult to predict with acceptable accuracy the characteristics and change over time of such a system, or any one component or process thereof, unless one has a sound knowledge of the overall system structure, function and interactions (Chapter 3 in Kimmins 2003a). There is a close (but not always linear) and negative correlation between unaccounted for complexity and the ability to predict future states of a system. This gives an apparent stochasticity and unpredictability to complex forest ecosystems when knowledge of the system is incomplete. This is frequently the reason why management for individual ecosystem components, such as timber, sometimes has unexpected outcomes. The incomplete knowledge and resultant low predictability contribute to the belief by some that forest ecosystems behave chaotically, cannot be predicted and therefore cannot be managed, a belief that reﬂects the lack of knowledge of ecosystems and their structures and processes on the part of such believers more than any fundamental characteristic of a forest ecosystem. However, complexity in the face of incomplete knowledge and understanding certainly renders the management of forest ecosystems to achieve particular objectives difﬁcult.
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 Ecosystem complexity includes characteristic levels of functional redundancy that enables ecosystems to function normally while undergoing change that periodically removes or adds individual species and structures.
 
 Change over time Note that the following discussion of change is very general. As with all generalizations, there will be many examples from around the world where these generalized concepts will be incorrect. In fact there are only two words in ecology and forest management that appear to be almost inevitably true: It Depends. For example, the relationship between forest ecosystem disturbance and measures of biodiversity can be very different between some tropical and some temperate or boreal forests. Ecosystems are living systems, not static entities. While they include important physical, inanimate structural components and processes, they are dominated by living components and biotic processes. Implicit in all living systems is change over time, and this biotic change results in change in the physical components and processes of the ecosystem, complementing abiotically induced physical changes. Ecosystems are not analogous to human-created engineering systems such as mechanical watches or moon rockets. These engineering systems may fail if individual pieces are removed and their structure and component parts change, unless functional redundancy has been designed into the system. Ecosystem structure, species composition, function, degree of interconnectedness and complexity are continually changing as a result of ‘natural’ (non-human) and human-caused disturbance and the processes of post-disturbance ecosystem development or recovery. (Humans are part of nature, but I have followed the convention here of ‘natural change’ being a reference to nonhuman processes – see Peterken (1996) for a useful discussion of ‘natural’.) Change in ecosystems, which is broadly referred to as succession, is the result of many processes: (1)
 
 (2)
 
 Physical factors, which produce allogenic succession, such as ﬁre, wind, snowstorm, ﬂood, landslide, or changes induced by climate change. These processes are controlled by forces external to the ecosystem in question and they cause ecosystem disturbance (see deﬁnition later in chapter) – they alter the rates and patterns of ecosystem change expected from autogenic succession (see below). Biotic processes, which disturb ecosystems to initiate new sequences of biotic communities and physical conditions. Such biogenic successional processes include insect and disease epidemics of native species, invasions of non-native species, and human disturbance of the forest. Biogenic succession is differentiated from autogenic succession (below) in that biogenic factors cause ecosystem disturbance whereas autogenic processes do not. The distinction between biogenic succession and autogenic succession is based on the deﬁnition of ecological disturbance given later in the chapter. In biogenic succession, the sequence, rate and direction of successional change are determined by biotic factors, processes or events that alter the rates and pathways of succession that are expected as a result of autogenic succession.
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 Fishes and Forestry – worldwide watershed interactions and management Internal ecosystem processes, referred to as autogenic succession. These are the population and community processes of invasion and colonization of a particular biotic community by additional native species, the environmental alteration (e.g. in light levels and availability of soil nutrients) caused by the plant community, and the subsequent exclusion (by competition or other processes) of the original species in the community. These processes collectively result in a sequence of biotic communities that successively occupy and are replaced over time in a particular ecosystem. This sequence of communities is accompanied by alterations of the physical environmental conditions that are generated by the community.
 
 Change in ecosystems is frequently a necessary component of long-term ecosystem stability and ‘healthy’ functioning (Pickett et al. 1992; Attiwill 1994a, b; Rogers 1996; Kimmins 1996, 2000a, 2003a; Perry and Amaranthus 1997; Perera et al. in press). Change occurs as plants establish, mature, die and are replaced by new individuals of the same or different species. As this predictable and inevitable change in plant populations and communities occurs, there is change in soils, microclimates and hydrology; in animal and microbial habitats and communities; and in the rates of ecosystem processes. The change in soils that occurs both as a result of ecosystem disturbance and during the course of autogenic succession is frequently necessary for, or beneﬁcial to, the subsequent plant community, and therefore to the associated animals and microbes. In the absence of biotic change, parasites, predators and diseases of particular plant or animal species may build up to epidemic levels. Successions of plant, animal and microbial communities (temporal diversity) prevent this and help to maintain these relationships at levels that do not disrupt ecosystem function excessively. Thus, if there is such a thing as a ‘balance of nature’, it is the changes in ecosystem conditions and species composition over time that result in non-declining patterns of ecosystem change within the limits of the historical range of variation. Local extirpations of species with geographically extensive ranges are often part of the long-term stability and health of regional meta-populations. However, such local extirpations can lead to species extinctions of ‘endemic’ species that have very limited geographical ranges, such as is the case in some tropical forest species. By periodically replacing whole biotic communities, succession increases biological diversity (both landscape scale diversity and stand-level temporal diversity; it may temporarily increase or decrease other measures of stand-level diversity). Similarly, disturbance is positively related to many measures of biodiversity if it acts to initiate new successional sequences. This topic is explored further below. Disturbance, whether allogenic or biogenic, can be a key process in maintaining the productivity and historical character of many temperate and boreal forest ecosystems, and in some types of forest is essential for their long-term persistence, as noted in the examples given below (see also Attiwill 1994a, b; Kimmins 1996, 2003a; Perera et al. in press). The accumulation of woody material (CWD) in the forest ﬂoor and soil of a forest certainly has some habitat and hydrological beneﬁts, but over time it can, in some forest ecosystem types, reduce the availability of nitrogen and the rate of nutrient cycling (e.g. Pastor & Post 1986; Keenan et al. 1993). This is because the
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 higher levels of lignins, tannins and other complex organic chemicals that are present in woody material, and which soil microbes are unable to decompose rapidly, reduce the rate of forest ﬂoor mineralization and nutrient circulation. This impairs tree nutrition, which reduces tree leaf area and consequently reduces tree photosynthesis and biomass creation. The lower tree leaf area allows more light to penetrate the forest canopy, increasing the growth of the understory. While this may beneﬁt wildlife species that are dependent on herbs and shrubs, it increases competition for soil water and nutrients between trees and these other plant life forms, further reducing tree growth. Sometimes this increased competition renders the trees more susceptible to diseases, parasites and insects. Sometimes disturbances can lead to stand replacement, reducing competition between trees and other plant types and the dominance of the soil by decaying wood, both leading to an increase in ecosystem productivity; sometimes they can have the opposite effect. It is commonly thought that trees are the most competitive and evolutionarily successful plant life form in forests. After all, trees dominate all other types of plant in closed canopy forests. However, in many cool, humid climates, shrub species belonging to the Heather family (the Ericaceae) or comparable southern taxa (e.g. Ipacridaceae) are competitively superior to trees in the long-term absence of disturbance. Because these shrubs can reproduce vegetatively by rhizomes, tolerate low levels of nutrients and develop very dense ﬁne root systems, they may be able to reduce nitrogen availability to trees. As such, shrubs may be well adapted to colonize gaps in the forest that are created when individual trees die and restrict tree regeneration in these gaps. In the long-term absence of disturbance, this can gradually convert some types of closed forest into shrub-dominated woodland or even shrub heathland (Dammann 1971; Malcolm 1975; Messier & Kimmins 1990; Fraser 1993; Prescott & Weetman 1994; Titus et al. 1995). Sphagnum moss may similarly take over northern forests by reducing soil temperatures and access to essential soil nutrients by the trees and/or by altering soil moisture conditions (Heilman 1966, 1968; Banner et al. 1983). It is severe, stand-replacing disturbance, such as ﬁre, landslides, insect epidemics or humaninduced ecosystem disturbance events that periodically tip the competition balance back in favour of trees in such ecosystems. Where such processes are operating, the long-term maintenance of closed forest conditions may require periodic disturbance at some particular spatial scale, severity and frequency. The critical combination of these disturbance characteristics that will sustain particular forest conditions and attributes, including biological diversity and ecosystem function, can be identiﬁed through the concept of ecological rotation (discussed below).
 
 Important diversities in forests: part of the complexity attribute of ecosystems ‘Diversity’ has become a scientiﬁcally important as well as a politically correct concept in forestry and conservation, as well as in other aspects of society. But what is it? There are three major dimensions of diversity that must be addressed in designing sustainable forestry.
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 Ecological diversity – the ‘ecological stage’ The ecological stage determines what species, what type of forest ecosystem, and what natural disturbance–ecosystem recovery sequences can be expected. The ecological stage is deﬁned by the regional and local climate, by the geology, soil and topography, and by the characteristic regimes of physical disturbance such as wind, ﬁre, snow, ﬂood and landslide or avalanche (allogenic factors). These physical factors determine the frequency, scale and severity of physical ecosystem disturbance and change, and help to determine the rate of processes of ecosystem recovery by autogenic succession. They determine which species (ecological actors) can ‘perform’ on the ecological stage and thus which ‘ecological play’ (disturbance–recovery successional sequences of species, community structure and function) will occur. Ecological diversity determines to a great extent the spatial diversity of forests – how they vary from place to place. It is described by ecological site classiﬁcation schemes such as the biogeoclimatic classiﬁcation of British Columbia (Meidinger & Pojar 1991).
 
 Biological diversity – the ‘ecological play’ Biological diversity is the genetic, taxonomic, structural, functional and adaptational diversity of organisms, populations and communities. Within the ecological framework set by ecological diversity, the various measures of biological diversity are determined by the type, severity, frequency and scale of physical and/or biological disturbance to the ecosystem interacting with the adaptations of the species involved and their population and community processes. Disturbance is deﬁned here as: any allogenic or biogenic factor or event that alters the rate, pattern and pathway of ecosystem change that is expected to result from the autogenic successional processes operating in the ecosystem in question (c.f. Kimmins in press). Disturbance removes or alters population levels of individual species depending on their genetically controlled tolerances and requirements. It alters the frequency of different genotypes within populations. It affects the population and community processes that collectively determine which species arrive and colonize a disturbed area, which species subsequently invade and displace these early biotic communities, and which species will be able to resist further invasion and create at least temporarily self-replacing communities. There are many measures of biological diversity, and each of these can be evaluated at several (traditionally, three) different spatial scales: local stand level (alpha), local landscape level (beta) and regional landscape level (gamma). Beta diversity is the variation in alpha diversity measures between stands in the local landscape due to differences in soil and disturbance history. Gamma diversity is the variation in alpha and beta diversity measures along climatic gradients across a region.
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 Temporal diversity – changes in the species list, the community structure, the ecosystem processes and the physical/chemical conditions in the ecosystem over time The levels of all the measures of biodiversity change over time. This temporal diversity is most obvious at the stand (alpha) level, but can also be seen as a shifting mosaic of changing ecosystem conditions and characteristics at the local (beta) and regional (gamma) landscape scales. Temporal diversity is linked to the concept of stability. Stability at the stand level is non-declining patterns of change, which involves a balance between the frequency and severity of ecosystem change and the resilience of the ecosystem – its rate of recovery (discussed further below). At the local and regional landscape levels, stability is a shifting mosaic of changing stand-level conditions. At the regional level the overall character of the mosaic may be relatively constant, whereas at the local landscape level it may change over time if the forest is subject to periodic large-scale disturbance. Accompanying the change in the structure and function of the biotic community over time there is change in the soil and microclimatic conditions. Accompanying the changes in biodiversity measures over time, there are changes in soil, microclimate and hydrological attributes and processes. The complexity of biodiversity is explored in Bunnell & Huggard (1999).
 
 Forests and sustainability: the concept of ecological rotation The concepts of sustainability and ecosystem change initially appear to be incompatible. How can a system be sustainable if it is constantly changing? The answer lies in the widely accepted concept that forest ecosystems are dynamic, and that ‘stability’ at the stand level means a non-declining pattern of change. But how can one assess whether a particular forest ecosystem disturbance is part of a non-declining pattern and is therefore sustainable, or is part of a directional and non-sustainable change? An answer can be found in the concept of ecological rotations (Kimmins 1974). An ecological rotation is the time taken for a particular ecosystem condition, structure, composition or other attribute to return to pre-disturbance levels following disturbance, or for recovery to some new, socially desired condition. Ecological rotations are deﬁned by the severity (degree of ecosystem change) and extent (spatial scale, which inﬂuences the processes of recovery) of the disturbance, interacting with the rate of recovery of ecosystem conditions – the rate of autogenic succession. Where the recovery rate is slow, ecological rotations will be longer than where the rate is fast, for any particular severity and spatial scale of disturbance. Where the degree of disturbance-induced ecosystem change is high, the ecological rotation will be longer than where the change is less, for any particular rate of ecosystem recovery. If the severity of disturbance is high, stability must involve less frequent disturbance; where the severity is low, the ecosystem can be sustained in the face of frequent disturbance (Kimmins 1974, 2003a). Ecosystem sustainability at the stand level cannot be judged by any one of: disturbance severity, disturbance scale, disturbance frequency or ecosystem resilience
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 (rate of autogenic succession). It is only when all of these factors are considered as an interacting system of determinants that sustainability of local forest ecosystems, and thus concepts such as stewardship and ethical forestry, can be assessed. Simple visual observation of short-term, stand-level, ecosystem change following a disturbance provides a very unreliable basis for evaluating sustainability, biodiversity and stewardship questions. Yet most of the debate about forest stewardship is currently based on such ‘snapshot’ evaluations of local ecosystem change, to the exclusion of a dynamic evaluation of ecosystem recovery and the frequency of future disturbance events over ecologically meaningful time (multiple decades or centuries) and spatial scales (landscape as well as stand). Deﬁnition of what severity and which scale of disturbance are consistent with ecosystem function, biodiversity, social and other considerations will depend on what ecosystem conditions, functions and values are to be sustained, what type of ecosystem one is dealing with, and what the historical relationship has been between disturbance and the desired functions and values (i.e. the historical ‘natural’ disturbance regime) in the ecosystem in question. In some temperate and northern coniferous-dominated forest ecosystems, shadeintolerant, disturbance-adapted, early successional deciduous hardwood tree species play a very important, although relatively temporary, ecological role. Their deciduous nature can result in warmer soils in cold forest climates. Their litterfall is often more decomposable than coniferous litterfall, resulting in increased soil animal and bacterial activity, and greater rates of decomposition and nutrient cycling. This can improve soil structure and soil fertility, resulting in higher organic production in subsequent, conifer-dominated seral stages, and may result in better inﬁltration of water into the soil during heavy rain or rapid snowmelt events. Some such trees (e.g. alder and birch) establish relationships with micro-organisms that convert inert atmospheric nitrogen gas into organic nitrogen, and thus increase nitrogen availability. This can acidify the soil, causing accelerated weathering of primary soil minerals, which releases other essential plant nutrients (e.g. potassium, magnesium, phosphorus, sulphur, micronutrients) and other chemicals (e.g. calcium) that play important roles in soil development and nutrition. Many of these early seral deciduous hardwood species are fast growing, relatively short lived, and subject to stem decay, which creates an early supply of snags and stem cavities for cavity nesting birds and mammals. These hardwoods may also be resistant to soil fungi that decay the roots of, and kill, conifer trees, or render the conifers susceptible to wind- or snow-induced mortality. Periods of ecosystem occupancy by such hardwoods induced by stand-replacing disturbance can maintain lower levels of these conifer root and stem diseases. Except during epidemics of coniferous insects, the hardwoods are often associated with higher sustained populations of insects than adjacent conifer stands, providing food for birds and for aquatic organisms as the insect larvae fall from streamside trees. Mixed species stands of disturbance-dependent, early seral deciduous hardwoods and later successional evergreen conifers can result in higher levels of ecosystem productivity than either group of trees alone because of ecological niche diversiﬁcation. Clearly, these disturbance-related hardwoods are an important component of the landscapes where they occur, suggesting the need for
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 appropriate severity and frequency of management-induced ecosystem disturbance if natural disturbance events are not sustaining desired abundance of such hardwoods in the landscape. The beneﬁts of mixtures can be achieved either in time (alternating hardwood and conifer seral stages; temporal mixed woods) or in space (mixed species stands; spatial mixed woods). High severity, large spatial scales and/or high frequencies of ecosystem disturbance will maintain landscapes in early seral biotic communities to the exclusion of ecosystem structures, functions and values that are associated with late seral forests. Conversely, low severity, small-scale and/or infrequent disturbance regimes will sustain late seral conditions and values to the exclusion of the early seral stages (Kimmins in press). Depending on the desired values and the relationship between ecosystem sustainability and disturbance, either of these successional extremes may be consistent with management objectives. Generally this will not be the case for reasons given above. More commonly, a shifting landscape pattern of different seral stages and ecological conditions will be needed to maintain desired diversities of values and conditions across a forested landscape, and will permit the temporal sequences of seral stages within particular ecosystems that constitute the true ‘balance of nature’. For many forest ecosystems, attempts to hold the ecosystem in any one successional stage through repeated management cycles will fail to sustain desired measures of ecosystem productivity, ‘health’, biological diversity and ecosystem function, and will fail to emulate past natural disturbance regimes and the resultant natural range of variation in ecosystem conditions. However, some unmanaged forest ecosystems do exist naturally in a narrow range of early, mid or late seral conditions as a result of the disturbance regimes to which nature subjects them. Which of these two approaches will emulate natural disturbance most closely will depend on the forest type and its natural disturbance history. As a consequence, all the different silvicultural systems of forest stand management will normally have relevance somewhere in the diversity of forest types that exist in most forest regions (Kimmins in press). None of the classic silvicultural systems mimic natural disturbance precisely, largely because they all take tree stems away, whereas many ‘natural’ disturbances leave much of the stem mass on site. However, 20–30% of the biomass of a mature tree is typically left on site following clear-cutting in the form of stumps, roots, bark, branches, treetops and broken or decayed pieces of stem. The importance of decaying root systems for the growth of the next tree crop has been demonstrated (Van Lear et al. 2001), as has the important role of stumps in post-disturbance collembola abundance and diversity (Marshall et al. 1998). Within the range of available silvicultural (tree management) systems it is possible to identify one that will emulate a particular disturbance most closely. Although we have inadequate empirical evidence because of our generally short period of forest management, it would appear that employing different management-induced disturbance severities at different frequencies over time would sustain the greatest range of seral stages and the associated biological diversity (Kimmins in press). Using any one level of management-induced disturbance across ecologically variable landscapes will result in lower levels of diversity. Achievement of the right balance between disturbance and ecosystem recovery requires an understanding of ecosystem components and processes, and how these vary
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 spatially and over time (i.e. ecosystem-level forest ecology). Such knowledge can be found in most standard forest ecology textbooks (e.g. Kimmins 2003a).
 
 Application of forest ecology knowledge in sustainable forest management Successful management of forests to sustain desired values and conditions requires knowledge of ecological, biological and temporal diversity.
 
 Ecological site classiﬁcation and biotic inventories: identifying ecological and biological diversity The ﬁrst step in designing forest management strategies (policies) and selecting appropriate tactics (practices) is to identify the types of forest ecosystem (the ecological diversity) in the management area in question through the process of ecosystem and site classiﬁcation (e.g. the biogeoclimatic or BEC classiﬁcation of British Columbia; Pojar et al. 1987; Meidinger & Pojar 1991; Kimmins 2003a). Climates, soils, geology, topography and physical disturbance regimes should be identiﬁed, followed by an inventory of the biotic communities that are occupying this diversity of ecological conditions. The biotic inventory should then be interpreted in terms of its relationship to the physical environment, its temporal patterns of change (the successional relationships in the area in question), and the ecosystem disturbance regimes that have historically affected the area. Having established this ecological inventory and understanding, the next step is to identify the range in values and ecosystem conditions that exist or have existed across the landscape and are ecologically possible today and in the future, and which portion of this range is desired and socially acceptable. This leads to a statement of the management objectives in terms of spatial patterns and temporal sequences of change in the desired conditions and values. Having deﬁned the objectives, combinations of management-induced and anticipated ‘natural’ disturbance regimes are deﬁned that are consistent with the ecology and sociology of the desired spatial and temporal forest patterns (e.g. Lieffers et al. 1996; Bergeron et al. 1999).
 
 Determination of appropriate management-induced disturbance regimes: stand dynamics vs succession Where historical disturbance has occurred with a frequency that is similar to the timescale of timber production, and at a spatial scale that is socially acceptable, emulation of natural disturbance may be an appropriate forest management paradigm (c.f. Denslow 1995; Lugo 1995). Where past disturbance was infrequent but large-scale and severe, natural events may not be a socially acceptable template for management (Kimmins in press). Discussions of emulation of natural disturbance have sometimes assumed that the different natural disturbance types are unique, quantiﬁable events that produce a characteristic and limited range of ecosystem impacts. In reality, most types of natural
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 disturbance can result in a wide range of severity, spatial scale and ecosystem change. Fire, wind and insects can kill virtually every tree on hundreds of thousands of hectares, from ridge tops to valley bottoms, including riparian areas. Alternatively, they may produce scattered, small-scale mortality that merely reduces stand density and withinstand competition, and may leave riparian stands intact. Any intermediate level of tree mortality and spatial patterns of disturbance is possible. Landslides tend to produce a narrow range of severity (generally high) and scale of disturbance (generally quite small to medium). Similarly, diseases generally produce only scattered patch disturbance rather than replacing entire forest stands over extensive areas, and the severity of ecosystem disturbance is often quite low, unless it predisposes the area to an increased risk of ﬁre and wind disturbance. This suggests that in emulating natural disturbance the full range of traditional silvicultural systems, modiﬁed where appropriate to retain individual trees or groups of trees (variable retention silviculture – Franklin et al. 1997, 2001; Mitchell & Beese 2002), should be employed as appropriate for the values and ecosystem types concerned, from clear-cutting to individual tree selection harvesting. Stand-replacing natural or management-induced disturbance results in essentially even-aged forests. These may be single tree species (monoculture) stands because of one or more of availability of seeds, suitability of seedbeds, tolerance of the disturbance-induced microclimate, seed predation, herbivory, seedling diseases or other factors. Alternatively, they can be multi-species stands. Low severity, small-scale disturbance can result in uneven-aged, multi-canopy layer monoculture stands of shadetolerant tree species, or mixed communities of intermediate to high shade tolerance if seed sources of this diversity of tree species is available. Post-disturbance planting can result in mixed or single species stands depending on what is planted and the natural regeneration that augments the planted trees. Planting generally results in even-aged stands, but can result in uneven-aged stand structures if there is continuous recruitment of shade-tolerant natural regeneration. Even-aged stands, whether ‘natural’ or produced through forest management by clear-cutting, patch-cutting, seed tree or shelterwood systems, are generally dense at early ages (a large number of trees per hectare), and this density declines as the stand gets older due to competition-related stand self-thinning. This process takes the stand through four recognizable phases: (1)
 
 (2)
 
 (3)
 
 Stand initiation, in which populations of trees of one or more species establish following the period of competition reduction (and, frequently, soil disturbance) produced by stand-replacing disturbance or the later phases of development of the previous seral stage. Stem exclusion, the phase following crown closure (when the canopies of individual small trees, touch, overlap and intercept most of the incoming light) in which light competition kills understory vegetation and less competitive trees, stand density declines and the remaining trees increase in stem and canopy size. Understory re-initiation, the phase when dying trees are large enough to leave rather persistent gaps in the canopy and the wind-induced swaying of taller trees causes branch breakage, both of which increase light penetration to the ground and permit the development of understory vegetation. This phase also facilitates
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 (4)
 
 Fishes and Forestry – worldwide watershed interactions and management the establishment of seedlings of the more shade-tolerant tree species of the next seral stage if there is a source of their seed. Thus, the understory re-initiation phase of one seral stage is also the stand initiation phase of the subsequent seral stage. Old growth. This is the phase during which the individuals of the initial population/community of trees are approaching maximum size and longevity, experiencing physiological weakening and increased physical damage (e.g. wind, snow), disease and/or insect damage, and exhibiting other symptoms of old age. The abundance of large snags and large CWD produced by the survivors of the initial cohort reaches its maximum for that seral stage. At this development phase of the ﬁrst cohort, the population of the next seral stage is developing through its stem exclusion and possibly also its understory re-initiation phase, depending on the longevity of the earlier seral species. Thus, there is a continuing overlap of the various stand development phases of the different seral stages as autogenic succession proceeds.
 
 These four phases of stand development occur in each seral stage of ecosystem development (i.e. succession). Stand development and succession are related but different phenomena. If there is no invasion of more shade-tolerant species during the understory re-initiation and old growth phases of a particular seral stage, then there is no succession – only stand development. If the loss of canopy cover in the old growth phase is sufﬁcient, and no new species invade, seedlings of the present overstory cohort may establish to produce a self-replacing seral stage, which is referred to as a climax. Alternatively, canopy gaps may be colonized by shrubs and/or herbs, leading to a progressive loss of closed forest cover (Kimmins in press). Closed forest is not necessarily the climax condition in the long-term absence of disturbance. A useful review of both stand development and succession in Vancouver Island forests of British Columbia can be found in Trofymow & MacKinnon (1998). A broader review of the old growth condition is presented in Kimmins (2003b). One of the most interesting aspects of stand development from a wildlife, stream and ﬁsheries perspective is the production of snags and CWD. Because the stem exclusion phase produces relatively small dead stems, it is not as useful for wildlife habitat and the development of stream diversity as the understory re-initiation and old growth phases that produce larger diameter snags and CWD. Similarly, shrubs and tree regeneration that are important for stream bank stability and ﬁsh habitat of low order streams are poorly developed in the dark, stem exclusion phase, which is therefore also of reduced value for foraging species of terrestrial wildlife. Forests that do not develop beyond the stem exclusion phase because of high frequency of natural disturbance, or relatively short rotation timber management, thus tend to have lower wildlife and ﬁsh habitat values. This is why it is important to manage streamside (riparian) stands either on much longer rotations or with reduced tree density through thinning, or to exclude tree harvesting entirely from these areas, to ensure that features of understory re-initiation and old growth phases of stand development are sustained either continuously or periodically over an appropriate proportion of the stream length. Minimal disturbance of riparian areas may lead to the loss of deciduous hardwoods as noted
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 above. The desire to have both late stand development phases and/or late seral stages in the riparian zone, but to also have some stream sections with early seral hardwoods, suggests a diversity of disturbance regimes along the watercourse. Timber management, whether it involves clear-cutting or low disturbance partial harvesting, has typically truncated both the sequence of seral stages and the series of stand developmental phases within a seral stage. Where this occurs, some measures of biological diversity of the managed forest can be expected to decline (see papers in Gillam & Roberts 1995). Variation in silvicultural systems, types and severities of ecosystem disturbance over time within a particular stand can prevent this problem (Kimmins in press). Partial harvesting and uneven-age stands are visually more acceptable to many people than clear-cutting and even-age management, and are currently ‘politically correct’ and publicly popular. However, as noted above, such low disturbance severity harvesting can eliminate or greatly reduce the abundance of early seral stages and deciduous hardwoods and promote late seral conifer forests in areas where conifers form the climax ecosystem community. It can eliminate or reduce early seral conifers or shade-intolerant hardwoods from climax, shade-tolerant hardwood forests. Partial harvesting typically eliminates or reduces competition-related tree mortality because the frequently repeated harvesting reduces stand density and competition. Thus, while partially harvested stands may look nice, they can be starved of snags and CWD, as are short rotation even-aged stands. In contrast, even-age stands created by clear-cutting, patch-cutting, shelterwood or natural disturbance at lower frequencies (longer cutting cycles) that are not thinned (intermediate harvests) and are allowed to go through stem exclusion and understory re-initiation phases of stand development can be a rich source of small and medium-sized snags and CWD. This, together with legacies from previous stands, may be one of the reasons for the relative lack of statistical difference in biodiversity measures in the different forest ages described in papers in Trofymow & MacKinnon (1998). Studies in chronosequences of very wet and drier forest types on west and east Vancouver Island, British Columbia, reported differences in function and some aspects of biodiversity between regenerating (3–9 years post clear-cut), immature (32–43 years post clear-cut), mature (66–99 years post stand replacing disturbance) and ‘old growth’ (176 to >450 years post disturbance). However, for several variables the only statistically signiﬁcant differences were between the regenerating and ‘old growth’ forests because of the high degree of variation in what were deﬁned as ‘old growth’ stands. It is obviously necessary to consider both stand dynamics and successional relationships in deciding on the silvicultural system that is needed to sustain desired values and functions. Sullivan & Sullivan (2001) and Sullivan et al. (2001) review the effects of variable retention harvests on diversity of stand structure and small mammals.
 
 Promoting diversity in forest ecosystems Because diversity in everything (spatial and temporal) seems to be a good idea, a mosaic of different severities, scales, types and frequencies of disturbance across a landscape, and a diversity of disturbance regimes over time in any one stand, may be the optimum strategy for sustainable forest management. Such a strategy will result in increased
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 diversity in stream habitats, from stream exposure, to early seral conditions, to various later seral stages, and different phases of stand development within each stage. The universal application of one system (e.g. the past use of even-age, monoculture stands with clear-cutting nearly everywhere) is unlikely to result in the desired diversity. But the banning of clear-cutting, suggested by some, and its replacement by any one other system everywhere (e.g. low severity, small-scale, frequent disturbance produced by partial harvesting that produces fewer snags and CWD) constitutes the same error and will also fail to sustain habitat and ecosystem diversity. Neither approach respects and reproduces the diversity we observe in most unmanaged forests. However, the previous statement notwithstanding, some unmanaged forests do approximate these two ends of the disturbance spectrum. Consequently, both large-scale clear-cutting and large-scale low disturbance partial harvesting will be appropriate from an ecological and sustainability perspective somewhere in a region characterized by high ecological diversity. Either may be socially unacceptable under speciﬁc circumstances. As noted above, a recent development in natural disturbance emulation is variable retention or stand structure management silviculture (Franklin et al. 1997, 2001; Arnott & Beese 1997; Mitchell & Beese 2002). Reﬂecting the fact that larger scale and more severe ‘natural’ disturbance events frequently leave undisturbed patches and living individual trees scattered within the disturbance area, harvesting systems are now being designed to create such retention patches. These have aesthetic value, and may have long-term wildlife habitat values depending on how they are designed; aggregated retention may be a biologically superior strategy and less subject to wind damage than dispersed retention, although the latter may be aesthetically more pleasing. They also have the merit of space-for-time substitution. By retaining ecosystem elements that have longer ecological rotations within a matrix of forest managed for values that have shorter ecological rotations, one can sustain within a given management unit ecological conditions and functions that require both short- or long-term successional or stand development sequences for their renewal. Variable retention systems have many merits and are used to address both the social values of aesthetics and economic timber production, and the environmental values of certain measures of biodiversity and wildlife habitat. However, there can be conﬂicts between these two sets of values. Patterns of retention that are optimal for wildlife may not be optimal for aesthetics or timber production, and vice versa. Careful analysis at both stand and spatial landscape scales over one or more timber production rotation timescales is needed to establish the desired balance of values and identify the tradeoffs between the different values. The best option may be to adopt a wide spectrum of variable retention intensities, designs and patterns across the landscape to ensure that all values are represented. Any single way of doing variable retention everywhere is generally to be avoided. However, by using stream and ﬁsh habitat values and considerations as the framework on which to build a variable retention system, many of the desired objectives can be achieved. In comparing different silvicultural systems and harvest systems, one often ﬁnds that the public interpretations of management-induced disturbance are inaccurate. Clearcutting has been widely condemned as destructive of ecosystems and not comparable to the effects of stand-replacing wildﬁre or insect epidemics. It is certainly true that there
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 are fundamental differences between clear-cutting and these ‘natural’ events (Keenan & Kimmins 1993; McRae et al. 2001), just as there are between partial harvesting and natural disturbance. A major difference is that clear-cutting and partial harvesting remove tree stems, but there are other important differences. Because harvesting frequently disturbs only a small percentage of the soil and minor vegetation and regeneration, it is often a much less severe ecosystem disturbance than wildﬁre. Harvesting that only removes commercial-sized stems leaves 20–30% of the tree biomass and causes much less loss of nutrients than a severe ﬁre. Harvesting only the tree stems leaves the most nutrient-rich biomass components, only removing the biomass that has the lowest concentrations of the limiting nutrients – usually nitrogen and phosphorus. Fire generally has the opposite nutrient loss effect, removing the foliage and branches and the upper forest ﬂoor that can, in a severe ﬁre, account for the majority of the readily available and actively circulating nitrogen. Harvesting that includes removal of branches and foliage as well as stems (whole tree harvesting) causes nutrient losses more comparable to, but still lower than, those caused by ﬁre because it does not remove the forest ﬂoor, whereas ﬁre generally does to some degree (Wei et al. 1997). If tree harvesting leaves signiﬁcant shrub and herb cover and seedlings/saplings of more shade-tolerant tree species, and if it results in very little soil disturbance, it may fail to produce the level of ecosystem disturbance needed to ensure new successional sequences and facilitate the natural regeneration of early seral, disturbance-dependent species. Even the visually dramatic clear-cutting may be a much less severe disturbance than some natural disturbance events. In fact, it can, and sometimes does, accelerate successional development, rather than being ‘destructive’ and retarding it. Alternatively, in some ecosystems it can lead to poorly stocked, shrub-dominated woodland unless the area is promptly planted and the seedlings are released from shrub and/or herb competition. This great diversity in the successional effects of clear-cutting and other silvicultural/ harvesting systems reﬂects the different phases of stand development and the different seral stages at which the harvesting takes place, as well as different harvesting techniques, time of year, differences in climate and soil, and various other factors. Traditionally, the inadequate severity of disturbance to soil or minor vegetation by some clear-cutting has been rectiﬁed by burning, mechanically scarifying the site, or the use of sheep or herbicides to manage plant competition, and by the planting of desired tree species. These disturbances resynchronize the microclimate, soil conditions and competition components of the ecosystem so that they are suitable for desired tree species; planting overcomes the sometimes very exacting seedbed and microclimatic conditions needed for natural regeneration, and problems of lack of seed source, seed predation and seed pathology. Clearly, there is need to undertake careful analysis of the successional consequences of different silvicultural and harvesting systems and ensure that the level of ecosystem disturbance matches the ecology of the desired values. This includes applying disturbance regimes that ensure the variety of seral conditions required to produce the desired ecosystem conditions. For example, frequent low-severity harvesting or natural disturbance in riparian environments can result in either closed, late seral forest or open shrub/herb woodland, to the exclusion of earlier seral tree species. In coastal
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 British Columbia, this may reduce the abundance of deciduous hardwood species, and the long-term production of snags and CWD – all of which are important to stream function and diversity. Where natural disturbance provides sufﬁciently frequent and severe disturbance in riparian stands, these possibly undesirable outcomes will not occur.
 
 Forest diversity and forest management: implications for streams and ﬁsh What are the implications of the apparent universality of diversity for the management of forests with respect to streams and ﬁsh habitat? The single most important conclusion is that regulation-based management of diverse forests is unlikely to be successful unless the regulations are speciﬁc to the ecological (climate, soil, geology, topography, physical disturbance regimes) and biological measures of diversity. They must be sensitive to the particular aquatic and terrestrial species involved, and must be applied ﬂexibly enough to account for this diversity. There are differences in the hydrological and ﬁsh habitat consequences of forest disturbance between factors such as:
 
 • • • •
 
 snowpack-dominated and rain-dominated hydrological regimes different climatic types, soils and geologies different topographies, stream orders and gradients differences in CWD, bed load and sediment characteristics.
 
 These require site- and situation-speciﬁc regulations with respect to riparian management, percentages of watersheds in stands of different tree age, stand development stages and seral conditions, and the types of disturbance that are consistent with maintaining water quality. For example, aquatic invertebrates were found to respond differently to sedimentation events between streams draining ﬁne textured and coarser textured surﬁcial materials (Heise 2002). To be sustainable of desired values, forest management must be based on a recognition and classiﬁcation of the multiple dimensions of forest diversity, both spatial and temporal, and a linkage between this classiﬁcation and forest management policies and practices. Regulation-based forestry applied without the ability to recognize and interpret different ecosystem situations is very unlikely to be successful. This emphasizes the importance of adequate experience and education of forest policy-makers and managers, and of experience and training of forest workers. Ecologically based management guide books can be a great help in rendering regulations site- and situation-speciﬁc, but will never replace on-site judgement by knowledgeable and experienced ﬁeld personnel. Thus, education and training must be strongly biased towards ﬁeld instruction and experience. Theoretical knowledge is important to prepare an individual to ‘read’ the forest, just as learning the vocabulary and grammatical rules is important preparation for communicating and reading the literature of a foreign language. However, there is no substitute for the actual speaking and reading. As David Henry Thoreau, Aldo Leopold (1966), Daniel Botkin (1990, 2001) and most other ecologists have asserted,
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 there is no substitute in learning to understand and respect forests to actually being in and observing the forest itself. Forestry education, and the education of hydrologists, aquatic ecologists, biologists, forest managers, environmentalists and conservation scientists, must have a heavy emphasis on ﬁeldwork. Lecture room theory is only a preparation for the more important activity of learning in the ﬁeld. The spatial diversity of forests is of critical importance for watershed management that will sustain streams and ﬁsh habitat. Moist and fertile riparian areas have a dominant role in determining stream chemistry – they generally have relatively nutrient-rich canopy drip and litterfall, abundant leaf litterfall, rapid nutrient cycling, and a high potential for nutrient leakage into streams following stand-replacing disturbance. However, the rapid re-growth of trees and minor vegetation on such sites following disturbance re-establishes nutrient-retaining mechanisms (Vitousek & Reiners 1975) and these riparian ecosystems are generally an efﬁcient ﬁlter for nutrients being leached from upslope ecosystems. If the soil is very moist, there may be active denitriﬁcation, reducing the probability that any nitrate nitrogen not taken up by riparian vegetation reaches the stream. So efﬁcient is this biological ﬁlter that streams draining young forests that are actively accumulating biomass may be starved of nitrogen, phosphorus and other nutrients. The ﬂush of nutrients into streams following riparian stand disturbance (the assart ﬂush: Kimmins 2003a) may appreciably increase instream net primary production and subsequent food chain energy ﬂow (e.g. Perrin 1981; Perrin et al. 1987; Perrin & Richardson 1997), but this may simply balance the short-term reduction in leaf litter and throughfall nutrient inputs. Disturbance to upper slope ecosystems, especially to steep ‘headwall’ sites, will generally have little effect on stream water quality because of the ﬁltering effect of lower slope and riparian ecosystems, as long as water remains within the soil proﬁle. However, such sites may have slope instability problems some years after disturbance as stumps and roots decay (O’Loughlin 1974; Swanston 1974). Slope failures can lead to mass wasting that deposits soil materials into streams irrespective of riparian buffers. Accumulations of logging debris in summer dry ravines and channels can lead to debris avalanches during extreme wet season precipitation or rain-on-snow events. Both these processes are important over long timescales as mechanisms of delivering CWD and gravel to streams, but they can result in short- to medium-term ﬁsh habitat damage, and harvest-related acceleration of these processes can have very negative impacts on streams and ﬁsh. Disturbance of mid-slope stands will often pose a lower risk of undesirable changes to streams and ﬁsh habitat than changes to headwall or riparian stands. Generally, on gentler slopes, and with more closed nutrient cycles, harvest or natural disturbance to these mesic or ‘zonal’ sites will have modest implications for streams unless there are issues of groundwater temperature and chemistry that are not ameliorated in the riparian ecosystems, or where debris accumulations in summer dry channels contribute to debris torrents initiated higher on the slope. Where possible, management-related disturbance should be designed to reﬂect the characteristics of the different types of ecosystem within a watershed.
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 Tools with which to apply knowledge of forest ecology in forest ecosystem and watershed management If the material in this chapter, which is only a small fraction of the ﬁeld of forest ecology, has left you frustrated with the level of complexity and a feeling that it cannot easily be applied, the chapter has achieved part of its objective. Another part is to suggest how to address the problems of complexity and the issue of application. The ﬁrst tool is ecological site classiﬁcation, which provides a way of cataloguing the diversity of our knowledge on a site-speciﬁc basis and identifying in the ﬁeld the types of forest ecosystem that will respond in a particular way to a particular disturbance event or regime. The second tool is ecologically based models that can use the memory and computational speed of computers to forecast possible forest futures under alternative management scenarios. While models will always be less satisfactory than the results of well-designed, funded and monitored ﬁeld experiments, with 6.2 billion people in the world (2003), headed towards 9–11 billion within the time it would take to complete rotation-length ﬁeld experiments, we cannot afford to wait for empirical evidence. While such research must always be continued, it must be complemented by models that combine empirical experience with research-based knowledge about ecological processes. Such models can be used to make scientiﬁcally credible forecasts of the outcomes of different forest management choices while we wait patiently for the results of the long-term ﬁeld research. By combining models of forest ecosystem function and management (e.g. FORECAST: Kimmins et al. 1999; Seely et al. 1999) with hydrology models, watershed models, ﬁsh habitat models (e.g. Heinzelmann 2002), digital elevation and slope stability models, regional timber supply models and wildlife habitat suitability models, it is now possible to produce meta-models with which to explore possible ranges of outcomes of different ways in which forest stands, small watersheds and regional landscape watersheds could be managed. Such scenario analysis makes possible the exploration of trade-offs between different environmental and social values at different spatial scales and timescales (Messier et al. 2003). Society has ethical responsibilities to the present human generation to provide it with the diversity of forest-related values that it needs and wants. It also has an equal responsibility to pass on to future generations the forests and associated values that we believe our descendants will want and need. The question is, how to balance these two ethical imperatives? Only by projecting our current knowledge over ecologically signiﬁcant temporal and spatial scales by using meta-models can we evaluate what constitutes sustainable management and stewardship of forests in terms of many different values, including ﬁsh and water. The trend in modelling is to use stand-level ecosystem management models such as FORECAST to drive landscape-level models and produce visual images of stand and landscape conditions (Kimmins 2001). FORECAST produces movies from the annual snapshots, enabling users to rapidly evaluate the possible outcomes, for many different social and environmental values, of different stand management practices. FORECAST is used to drive a watershed model (POSSIBLE FOREST FUTURES) and a large landscape timber supply (ATLAS) and habitat supply model (SIMFOR) in a meta-model that also produces movies. Linkage
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 of FORECAST to hydrology models and a ﬁsh habitat model (Heinzelmann 2002) is in process.
 
 Concluding statement This chapter has not attempted to provide a rigorous review of forest ecology. This is not possible even in a lengthy textbook, because forest ecology spans botany, zoology, microbiology, geology, pedology, hydrology and climatology, and then adds ecological layers as the interactions of these components of the ecosystem are considered – ecosystem structure, function, interactions, complexity (diversity) and change over time (disturbance and autogenic succession). What I have attempted to do is to illustrate the critical importance of approaching forest management and conservation from an ecosystem concept at a range of spatial and temporal scales, and encompassing both ecological (physical) and biological diversity. Management and conservation must respect nature as it is and not as we might wish it to be for one or more of convenience, simplicity or emotion-based reasons. The use of ecologically based meta-models based on the best available understanding of forest ecosystems and linked to ecological site classiﬁcation systems that address the spatial diversity of forests will help us to deﬁne which is the best way to manage forests to meet our biophysical objectives which must then be linked to our social objectives.
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 Chapter 3
 
 Elements of stream ecosystem process G.F. HARTMAN AND R.E. BILBY
 
 Introduction Stream ecosystems around the world reﬂect an enormous diversity in size, ecological features and processes. Viewed in some ways they are all different, considered in other ways they are all the same (Cummins et al. 1984). This chapter identiﬁes major physical and biological processes common to stream systems so that this knowledge may be brought to bear on the management of forests.
 
 Nature of stream systems Role of geology, landform, climate and time The past geological history of stream systems reﬂects primary inﬂuences of geological conditions, landform and climate, and secondary effects of the passage of time and concurrent forest evolution. These factors inﬂuence sediment and wood input to streams, which interact with hydrological conditions to determine the structure of the channel (Fig. 3.1). In the Stillaguamish River basin, Benda et al. (1992) showed how geomorphic processes have controlled the evolution of salmon habitat during the past 14,000 years. The geomorphic processes included high levels of sediment transport and deposition during glacial retreat followed by downcutting of channels through these deposits. Forest establishment then provided organic materials to the channels that enabled the creation of productive salmon habitat. The best salmonid habitat has formed on glacial terraces during the last 5000–6000 years.
 
 Stream conditions and ﬁsh habitat The processes in Fig. 3.1 indicate primary inﬂuences on the structure of stream channels. Structure is also determined by location in the drainage system, i.e. headwater, transport or depositional zone. As the dimensions of the channel increase downstream, its features are changed by the nature of these functions within it. Headwater sections, composed of small tributaries, are characterized by water and sediment release to the larger main, high order, river channel (see Hewlett (1982) for an explanation of stream
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 Fig. 3.1 Major factors affecting the formation and character of stream channels.
 
 order). The main channel is characterized by material transport through it. Sections in or near the estuary are zones of deposition. Within the diverse channel types, many features interact to determine the characteristics of ﬁsh habitat (Fig. 3.2): • • • •
 
 Combinations of river or stream conditions of width, depth, channel conﬁguration, streambed features and hydraulic complexity determine local structure. Riparian and up-slope forests determine, in part, cover conditions for ﬁsh, and they link the terrestrial and aquatic habitats. Riparian forests contribute litter and terrestrial insects to the stream system. Such material supports ‘heterotrophic’ production processes within the system. Sunlight, and stream and soils nutrients, provide the basis for ‘autotrophic’ production, i.e. production based on photosynthetic processes within the stream.
 
 Any ﬁsh habitat is deﬁned by some combination of these physical features, that include or inﬂuence water temperature, oxygen availability and food production processes (Fig. 3.2). Despite the diversity that the combinations of conditions might cause, stream ecosystems all share common processes. These processes include linkages with the
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 Fig. 3.2 Schematic relationships of physical and biological features and processes that combine to produce ﬁsh habitat and inﬂuence numbers of ﬁsh produced (J.H. Mundie, pers. comm.).
 
 terrestrial ecosystem, input and transport of inorganic and organic materials, and fundamental characteristics of trophic system organization. Hydrological processes provide an integrating function in all watersheds as they link geological, climatic and forest components and inﬂuence water quality, channel conditions and trophic processes. Swanston (1991) described these critical connections, and Jones & Mulholland (2000) described important groundwater and hyporheic water behaviour and their
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 relationships to the stream and biotic processes. Hydrological conditions change with seasons and storm events, and may disturb and re-conﬁgure channel features. Natural disturbances exert important control over physical habitat change in watersheds. They can alter channel features, availability of large woody material and food production processes. Hydrological disturbances can range from low level events, that can occur at weekly intervals, to major ﬂoods that occur at 100–1000-year intervals. Soil movements can range from small slumps of a few cubic metres to large landslides (Swanston 1991). Disturbance may have short-term negative effects on biotic processes but long-term positive effects in ‘re-setting’ the system. Major disturbances may replace woody debris, re-sort and clean spawning gravel, and re-construct side channels. In the Paciﬁc Northwest of North America, salmonids have evolved to survive within a range of natural disturbances of particular frequencies and severity (Reeves et al. 1995). However, human alterations of watershed processes, that lead to severe repeated disturbances, may force the system into a new ecological trajectory. As such, there may be no opportunity for recovery and conditions may be incompatible for survival of the ﬁsh species of interest.
 
 The roles of wood and sediment Large woody material (LW) within stream channels is an obvious indication of the linkage between stream and forested landscape. It modiﬁes transport and storage of sediment, and affects channel form. It inﬂuences movement and transformation of litter and breakdown particles, and provides habitat for aquatic biota (Bilby & Bisson 1998). Wood in streams may also affect the characteristics of the riparian forest (Fetherston et al. 1995). The role of wood in streams is strongly inﬂuenced by channel size and type and by characteristics of the surrounding forest. Abundance of LW typically decreases with increasing stream size (Bilby & Ward 1989). It tends to be distributed randomly in small streams but is often accumulated in jams in large ones (Swanson et al. 1982). Historically, wood accumulations in major rivers of northwestern North America were very large, and some reached several kilometres in length (Sedell & Luchessa 1982). Clumping of wood in large channels is a product of their greater transport capacity. This results in larger average diameter, length and volume of pieces with increasing stream size because smaller pieces are transported out of the system (Bilby & Ward 1989). LW abundance varies with the characteristics of riparian forests in different parts of North America. Wood abundance and average piece size in streams along the temperate, wet, northwestern Paciﬁc coast of North America are among the highest in the world, reﬂecting the high tree density and large size (Harmon et al. 1986). Amounts of LW in streams in forests in interior regions of western North America and eastern North America are lower due to lower density and smaller trees (Bilby & Bisson 1998). LW is delivered to streams both by continuous processes and by relatively rare, episodic events (Keller & Swanson 1979; Bisson et al. 1987). Tree mortality due to
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 competition, disease, bank erosion and windthrow generates small amounts of wood at frequent intervals (Rot et al. 2000). Rate of input of wood to the channel via these processes often varies as a function of successional stage and species in the riparian stand (Likens & Bilby 1982; Grette 1985). Landslides, avalanches, catastrophic windthrow, ﬁre or severe ﬂoods occur infrequently but add massive amounts of wood to the channel in a single event (Orr 1963; Keller & Swanson 1979; McGarry 1994; Benda et al. 1998). These processes account for most of the wood in streams in watersheds prone to such events (Benda et al. 1998). Wood input from ﬁres depends on ﬁre frequency, which may range from decades to centuries (Agee 1988). In ﬂoodplain areas, with large erodible channels, severe ﬂoods widen channels, transport fallen trees and add large amounts of LW to the stream (Keller & Swanson 1979). Leaching, fragmentation, microbial decay and ﬂuvial transport all eliminate LW from streams (Keller & Swanson 1979). Leaching plays a minor role in wood decomposition (Harmon et al. 1986), but fragmentation assisted by microbial decay (Aumen 1985) is of major importance. These processes occur, however, at very slow rates in streams and wood can persist for very long periods (Franklin et al. 1981). In streams on the western coast of Canada, debris jams may form with depositional areas above them and eroded channel reaches below them. This build-up of jams and upstream depositional areas, and its subsequent breakdown occurs on about a 50-year cycle (Hogan & Bird 1998). Wood from conifer trees may last for over a century in small Oregon streams (Swanson & Lienkaemper 1978). In some cases wood can persist for many centuries. Pieces of wood in a Paciﬁc Northwest river in North America have been dated at over 1000 years old (Hyatt & Naiman 2001) and wood up to 2000 years old has been found in a Tasmanian river (Nanson et al. 1995). In small streams, large wood often has a major impact on channel form (Montgomery & Bufﬁngton 1993). It forms waterfalls (Heede 1972), creates pools (Robison & Beschta 1990) and increases variability in channel width (Zimmerman et al. 1967). In small streams LW frequently spans the channel forming ‘log steps’ that create depositional sites (Heede 1972; Montgomery & Bufﬁngton 1993). The percentage of small stream pools containing or associated with LW were 80% in southwest Washington and northern Idaho (Bilby 1984; Sedell et al. 1985), 86% in a northern California stream (Lisle & Kelsey 1982) and 27–45% in small British Columbia (BC) streams (Fausch & Northcote 1992). As channel size increases and gradient decreases, LW becomes less frequent (Fig. 3.3), and has less inﬂuence on channel form and pool creation (Bilby & Ward 1989; Montgomery & Bufﬁngton 1993). In large channels occasional LW accumulations may increase channel width, promote sediment deposition and encourage the development of meander cutoffs and secondary channels (Keller & Swanson 1979). The depositional sites are less frequent but larger than in small streams (Bilby & Ward 1989). They may be very large in some cases (Abbe & Montgomery 1996), increasing as additional wood is collected. Establishment of trees and shrubs on sediment deposits provides additional stability and encourages further deposition. Eventually it may coalesce with the riparian forest (Fetherston et al. 1995). Wood removal from streams dramatically increases sediment transport. Removal of wood released 5250 m3 of sediment from a 250-m reach of a stream in the Oregon
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 Fig. 3.3 Frequency of large wood pieces in relation to mean channel width for streams in western Washington. Log10 debris frequency = –1.12 log10 channel width + 0.46: r2 = 0.69, N = 22. Redrawn with permission from Bilby & Ward (1989).
 
 Coast Range (Beschta 1979), and 60% of the stored sediment from a 100-m reach in a northern California stream (MacDonald & Keller 1983). Removal of LW from a 175-m reach of a small stream in New Hampshire doubled the rate of sediment export the following year (Bilby 1981). Wood in streams traps large amounts of particulate organic matter (Naiman & Sedell 1979). This material constitutes a signiﬁcant proportion of a stream’s nutrient capital (Bilby 1981) and it is an important food source for many stream-dwelling invertebrates (Vannote et al. 1980). Wood removal or addition alters nutrient availability (Bilby & Likens 1980) and can have a direct impact on the biological productivity of the system (Wallace et al. 1995). The carcasses and reproductive products deposited by the spawning salmon make an important nutrient contribution to the productivity of Paciﬁc Northwest streams (Bilby et al. 1998; Wipﬂi et al. 1998). Woody debris retained about 60% of the coho salmon carcasses in a number of western Washington streams (Cederholm et al. 1989). Wood in stream channels is directly utilized by macroinvertebrates as substrate for egg laying and rearing, and as a food source (Harmon et al. 1986). Abundance is often high in the litter accumulations associated with LW (Merritt & Cummins 1978). Members of at least ﬁve orders of stream macroinvertebrates use wood for some aspect of their life history (Dudley & Anderson 1982). Addition of LW to a stream in North Carolina resulted in a change in community composition, a 2.1-fold increase in biomass, and a 24-fold increase in invertebrate abundance (Wallace et al. 1995). In streams with ﬁne-grain beds, wood provides a stable substrate for species that are incapable of dealing with a frequently shifting bottom (Cudney & Wallace 1980). Biomass of insects on wood in a southeastern US stream was 5–10 times that on the sandy streambed (Benke et al. 1984).
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 Much of the research on the relationship between wood and ﬁsh has focused on salmon in watersheds along the Paciﬁc coast of North America (Sedell et al. 1984; Murphy et al. 1985; Fausch & Northcote 1992). Wood creates cover and retains gravel, providing nest-building habitat. Pools created by LW are favoured habitats of juvenile coho salmon and older age classes of cutthroat trout and steelhead (Bisson et al. 1987). Simulated LW complexes served as cover for steelhead (Oncorhynchus mykiss) parr and coho (O. kisutch) fry (Shirvell 1990), and as refuge habitat for juvenile coho (McMahon & Hartman 1989). Wood in streams increases their capacity to support ﬁsh. ‘Wood-rich’ stream reaches in southern British Columbia supported standing stocks of juvenile coho salmon and cutthroat trout ﬁve-fold higher than sites with little wood (Fausch & Northcote 1992). In southeastern Alaska, the average coho salmon density in ‘wood-poor’ streams was only 25% of that in streams with high wood volumes (Murphy et al. 1985). Fish abundance usually decreases following wood removal from channels (Lestelle 1978; Bryant 1983; Dolloff 1986) and sometimes increases following its addition (Ward & Slaney 1979; House & Boehne 1986). The perception that LW accumulations blocked ﬁsh migration led to extensive efforts to remove wood from channels (Merrell 1951). Recent evaluations have indicated that blockage by wood is rarely a problem except, perhaps, during periods of low stream-ﬂow (Bilby & Bisson 1998). Historically, wood accumulations are estimated to have blocked ﬁsh from 5% to 20% of potential habitat (Sedell et al. 1985). Physical characteristics and vegetation of riparian areas tend to be more heterogeneous than they are up-slope. Inundation, soil saturation, and physical disturbance of the streamside vegetation from ﬂooding and ice jams contribute to this heterogeneity (Agee 1988). LW in riparian areas provides an important location for tree seedling establishment (Harmon et al. 1986) by elevating them, reducing competition and keeping moisture-intolerant species above wet soil. Along large rivers in the Paciﬁc Northwest, over 80% of the riparian conifer regeneration occurs on woody debris (McKee et al. 1984; Thomas et al. 1993).
 
 Trophic processes: inﬂuences The production of plant life, micro-organisms and invertebrates is a critical determinant of ﬁsh population size. While physical and biological processes come together to determine the nature of ﬁsh habitat (Fig. 3.2), four important conditions within the stream affect the conditions for trophic processes. Current, stream substrate (affected by LW), temperature and oxygen inﬂuence both ﬁsh habitat and food production. Their effects and roles are described in more detail in Minshall (1984) and Allan (1995). Some of these features inﬂuence others, e.g. temperature inﬂuences oxygen availability and demand; current inﬂuences the size distribution of sediment particles along a stream. ‘Current’ is referred to in Allan (1995) as the ‘deﬁning feature that unites all rivers and streams’. Current transports nutrients and food to plants and animals and removes wastes produced by them. Intra-gravel water movement is required to remove wastes from around ﬁsh eggs and invertebrates within the streambed.
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 Continual directional ﬂow of water imposes forces on all life forms on or above the streambed. Stream-dwelling organisms have, however, evolved strategies to deal with such forces. Some species of small organisms live in the low velocity boundary layer between the streambed and the moving water. The hydraulic determinants of aquatic insect habitats and the problems of small organisms living in lotic environments were examined by Newbury (1984) and Statzner et al. (1988). Stream insects prevent their displacement by current in several ways. Blackﬂy larvae spin mats of silk on stones and attach themselves to them with hooks that ring their posterior end. Some mayﬂy nymphs have depressed body forms and overlapping gills that form a ‘vacuum’ disc that permits them to stick to smooth stones in the current. Others burrow into the streambed or build attached cases to avoid strong currents (Minshall 1984). Net structures of caddis larvae occupying rapid ﬂow habitat are rigidly supported and streamlined, while those of species living in slower moving water are weaker and unsupported (Edington 1968). Species of ﬁsh are adapted to ﬂows in streams by their body shape and swim-bladder development (Allan 1995). A species of dace that occupied relatively fast-ﬂowing water had a smaller swim-bladder volume than one that occurred in slower water (Gee & Northcote 1963). Although stream current imposes constraints on organisms living in it, it also facilitates the transport of dissolved organic material, particulate matter and drifting food organisms throughout a stream or river. Substrate of the streambed is where organisms ﬁnd food and shelter and compete for space. The main types of substrate are stones, sand, wood or plants (Allan 1995). The presence of detritus (Egglishaw 1964), the sizes of streambed particles, their stability and heterogeneity are important determinants of bottom type preference by organisms. Numbers of invertebrates within the upper 25–30 cm of the streambed may be very large but different in various habitats; e.g. 24,079 to 44,765/m2 in two rifﬂes, 26,966/m2 in a pool and 57,271/m2 in spawning channel gravel (Mundie 1971). Particle size preferences may change during the life cycle of an insect (Egglishaw 1969). In tests of ten species of insect, Cummins & Lauff (1969) concluded that while current (water velocity), temperature and chemicals determine the general range of insects, particle size and food supply exert primary inﬂuence on their micro-distribution. There are several comprehensive reviews of the relationships between aquatic insects and their substrates (Cummins 1966; Cummins et al. 1966; Minshall 1984; Allan 1995). Substrate complexity and porosity affect preferences of some insects (Minshall 1984). Sand is regarded as a poor substrate because it has low porosity and it may be unstable. In spite of this, there is a variety of sand-dwelling macroinvertebrates that are small, abundant and live interstitially at considerable depth in the streambed (Allan 1995). Embedded silt, which reduces porosity, has a negative effect on the inhabitability of the substrate in rocky stream bottoms. However, the loose silt in the bottom of a pool may contain high densities of invertebrates. The relationship between invertebrate numbers and substrate type is variable because many factors other than substrate affect abundance. More stable substrates, such as wood, often support greater densities of macroinvertebrates than unstable substrates such as sand and silt (Benke et al. 1984). Plant surfaces often support high
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 densities of invertebrates. However, these higher densities on plants may be an artifact of the two-dimensional way in which density is expressed. Plants provide a surface area far in excess of the streambed area on which they are located (Minshall 1984), and they may be covered with diatoms and bacteria that attract feeding invertebrates. Stream water temperature regimes potentially affect all life functions and processes of lotic organisms. Stream temperature regimes vary with latitude, elevation, season, time of day and location in the watershed. In streams in eastern USA, total annual degree-day accumulation was about 7000 at 32º latitude and about 3400 at 45º latitude (Vannote & Sweeney 1980). In White Clay Creek, Pennsylvania, groundwater and spring seepage kept stream temperatures nearly constant all year round. The range of seasonal variability, within a stream system, tends to be low in ﬁrst order springbrooks, higher in second order streams, and higher yet downstream through the third order zones (Vannote & Sweeney 1980; Allan 1995). Shading from streamside forest canopy reduces diel temperature ﬂuctuation during summer, but may increase it during winter (Beschta et al. 1987). Such effects have an important bearing on stream trophic processes. Water temperature affects growth and body size of stream animals (Allan 1995). Among salmon, it controls food conversion efﬁciency (Brett 1976; Brett et al. 1982), energetics and metabolic processes (Brett 1995), migration and, in extreme situations, survival (Brett 1995). For young coho salmon, a temperature change can re-set the timing of a sequence of life stages (Holtby & Scrivener 1989). Water temperature may affect growth, metabolism, reproduction, emergence and distribution of stream insects. Although insects have evolved to survive conditions of temperature ﬂuctuation in streams, they show little ability to compensate or acclimate to environmental temperatures beyond that to which they are adapted (Vannote & Sweeney 1980). Oxygen, which is a requirement for most organisms, is usually near saturation in unpolluted ﬂowing water. The oxygen levels that support aquatic organisms are very low compared with that experienced by terrestrial forms. Water may contain from zero to 14.6 ppm. However, the atmosphere around us contains about 200,000 ppm oxygen. Furthermore, an increase in water temperature causes a reduction in maximum oxygen saturation level. The capacity of freshwater to retain dissolved oxygen decreases from 14.6 ppm at 0ºC to 7.63 ppm at 30ºC. Moreover, as the temperature of water rises, the metabolic demands for oxygen increase for most freshwater organisms within it. These circumstances cause aquatic biologists to be concerned about conditions, created by forestry or any other industry, that affect oxygen availability in freshwater. Many kinds of stream organisms depend upon current to supply oxygen at their gill or body surfaces and some have behaviour patterns that compensate for reduction or absence of current (Allan 1995).
 
 Autotrophic and heterotrophic production Autotrophic processes, from photosynthesis within the stream, and heterotrophic processes from litter input, make energy available to an array of consumer organisms at different trophic levels. In the following section we examine features of these proc-
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 esses. Chapter 13 reviews the effects of forestry activities upon them. The riparian forest inﬂuences both of the above energy processes. It controls radiant energy ﬂux at the stream surface, and consequently affects the level of photosynthesis. It is the source of litter that enters the stream, and terrestrial insects that fall into it. Riparian trees may intercept groundwater nutrients (Hill 2000), and during rainfall, materials that have accumulated on the canopy may be washed into the stream. The inﬂuence of the riparian forest on a stream decreases with increasing channel size. As the channel widens, with increasing stream order, the fraction of the stream receiving sunlight increases, stimulating plant growth within the channel. Concurrently, the relative importance of input of terrestrial organic matter declines. As a result, the relative importance of the energy processes shift, in a continuum, from heterotrophy to autotrophy (Vanotte et al. 1980). Interlocking autotrophic and heterotrophic energy processes are set within and inﬂuenced by the complex physical environment. They are linked at their foundation by solar energy, and are functionally connected inasmuch as the same consumers depend upon them. Autotrophic organisms convert carbon dioxide and nutrients into organic matter using energy from sunlight in photosynthetic processes. Vascular aquatic plants, algae, diatoms, mosses, some bacteria and protists are autotrophs in lotic environments (Allan 1995). Each of these types requires different habitats and each sends energy via different routes through the stream ecosystem (Murphy & Meehan 1991). The role of autotrophic production in streams may have been underestimated (Minshall 1978). Production of diatoms is rapid and frequently several times greater than the standing crop (Allan 1995). It can support a large consumer biomass (Murphy & Meehan 1991). Even in forested streams, where autotrophic production might be expected to be low, 50 of 75 invertebrate taxa had algae, especially diatoms, in their diet (Allan 1995). Light, nutrient availability, water temperature, stream scouring, and grazing, especially by insects, control the standing crop of stream autotrophs (Hynes 1970). Grazers can alter standing crop, photosynthetic activity and species composition of plants. Their effects may occur concurrently with other forms of control (Allan 1995). The production of periphyton (attached algae) in Walker Branch Creek, Tennessee, was light-limited, but biomass standing crop was controlled by insect grazing (Steinman 1992). The amount of algal grazing may vary from one stream system to the next. It can change seasonally (Allan 1995) and can result in 64% removal of the standing crop (Lamberti & Moore 1984). In a stream in coastal BC, periphyton production was limited primarily by phosphorus and secondarily by light conditions (Stockner & Shortreed 1976). Other studies, ranging from in situ experiments (Pringle & Bowers 1984), to channel studies (Mundie et al. 1991), and river enrichment work (Peterson et al. 1985), provided results consistent with those of Stockner & Shortreed (1976, 1978). Sunlight is required for diatom growth, but its ultraviolet component may suppress it. This may appear contradictory, because in normal stream bottom habitat exposed to ultraviolet light, algal standing crop may be more abundant than it is in unexposed areas. This occurs because the ultraviolet light suppresses the grazers even more than it suppresses the algae (Bothwell et al. 1994).
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 Periphyton may be lost due to over-growth, smothering, die-off and sloughing, or direct scouring by the current. The ﬁnal spring freshet and ﬁrst autumn freshet delineated the growing season during which signiﬁcant algal biomass accumulated in Carnation Creek. When ﬂows were high, scouring loss was high (Shortreed & Stockner 1983). High discharges may also carry sediment that removes algal growth (Allan 1995). Extreme discharges also tumble the stones and grind off the algae. The organic matter from outside of the stream may arrive in many forms. Within the stream, it may be categorized by particle size and origin (Allan 1995). The ratio of carbon to nitrogen in a particular fragment of leaf may change through time as it is ingested, excreted and re-colonized with bacteria and fungus. Coarse particulate organic matter (CPOM) includes leaves, twigs, woody debris, dying macrophytes, fruit, seeds, animal faeces and fragments of aquatic plants. CPOM may also come from salmon carcasses (Cederholm et al. 2000) that provide a direct food source for invertebrates and ﬁsh. Marine-derived nutrients from the salmon carcasses may inﬂuence stream primary production processes. Stream ecosystems with salmon, or other anadromous ﬁshes that die after spawning, may be unique in regard to this nutrient source. In streams containing large populations of spawning salmon, the contribution of nutrients and organic matter to the stream ecosystem is so important that the salmon must be regarded as habitat elements in themselves. Fine particulate organic matter (FPOM) is generally derived from CPOM. Colonization of CPOM by fungi and bacteria initiate its decomposition to ﬁner particles. FPOM also originates from faeces of small consumers, from dissolved organic material (DOM) accumulated by microbial uptake or ﬂocculation, from sloughed-off algae, or from the forest ﬂoor and stream bank. DOM comes from groundwater, surface inﬂow, leachate washed from the foliage as rain falls through it, and extracellular release from aquatic plants and algae. Riparian-based litter entering the coastal streams of western Canada is the dominant component in heterotrophic production. Seasonal input of leaves and other litter varies according to the species and age composition of vegetation involved (Murphy & Meehan 1991). Autumn leaf input is characteristic of most streams in temperate deciduous, desert and grassland areas (Anderson & Sedell 1979). During autumn, in a third order BC coastal stream, > 10 metric tonnes of litter per kilometre entered the stream. This was supplemented by conifer needle input from May to December (Neaves 1978). The contribution of litter input varies according to stream size and location. It is relatively important in ﬁrst to third order streams, which are strongly inﬂuenced by the riparian vegetation (Vannote et al. 1980). Such litter input is important in the overall function of a stream system because these smaller channels constitute close to 70% of the accumulated stream length in the Paciﬁc Northwest (Naiman et al. 1992). Leaf litter input is lower in ﬁrst and second order alpine and grassland streams. In small tropical streams litter input is the main source of energy. However, where the canopy structure is complex and multi-storied, litter may be intercepted by certain types of plants. In such circumstances litter distribution may be patchy along the length of the stream (Covich 1988).
 
 Elements of stream ecosystem process
 
 55
 
 Leaves that fall into the water undergo a series of chemical and physical changes (Kaushik & Hynes 1971; Barlocher 1985; Allan 1995). During the ﬁrst 24–48 hours, up to 25% of leaf weight is lost through leaching of soluble carbohydrates and polyphenols (Kaushik & Hynes 1971; Allan 1995). Following leaching, bacteria and fungi colonize leaf litter. They reduce its weight as they consume the organic matter. However, they add protein as they colonize the remaining leaf tissue (Kaushik & Hynes 1971). The fungi and bacteria, on the surface of the ingested CPOM, provide much of the nutrient value derived by stream insects (Vanotte et al. 1980). These insects, in turn, constitute the primary food for vertebrate predators in the stream. The rate at which leaves break down is dependent upon the stream water chemistry, temperature, and physical and chemical characteristics (C/N ratio) of the leaves (Park 1976). Leaves with high nutrient content broke down rapidly (Kaushik & Hynes 1971; Allan 1995). Those with tough cuticles (conifer needles) resisted fungal invasion and broke down slowly. The breakdown times for woody plant leaves ranged in half-life from 60 to 500 days (Webster & Benﬁeld 1986). Invertebrates utilize various behavioural and morphological adaptations to obtain and consume the various types of organic matter present in streams (Anderson & Sedell 1979; Lamberti & Moore 1984; Merritt et al. 1984; Allan 1995). Anderson & Sedell (1979) recognized a number of main feeding groups: shredders, collectors, grazers, gougers and predators (secondary consumers). Many of the taxa exhibited multiple feeding behaviours. Shredders break the leaf and litter material down by fragmenting and consuming parts of it along with the fungi and bacteria upon it. Scrapers remove algae, detritus and bioﬁlm material from rocks and other solid objects (Allan 1995). Filter-feeders obtain ﬁne particulate organic matter with spun nets, or body parts modiﬁed to form ﬁlters (Allan 1995). Collector-gatherers feed upon the organic detritus on the surface of sediments (Lamberti & Moore 1984). Some elmid beetle and caddisﬂy larvae feed upon wood (Allan 1995), although relatively few species of lotic invertebrates utilize this low-nutrient material as their primary food source. The physical conditions of the habitat and the kinds and amounts of available food determine the relative abundance of the feeding groups of insects (Fig. 3.4). Consequently the different groups change their abundance in relation to stream order (Figs 3.4 and 3.5). Invertebrate drift Downstream movement of living organisms in suspension is called ‘drift’. Allan (1995) provides excellent description and discussion of the topic. There is no speciﬁc taxonomic composition to stream drift (Hynes 1970). Some taxa are found in the drift only during periods of elevated discharge, suggesting that they were dislodged from the streambed by current. Others are found in the drift at all ﬂow levels and display distinct diurnal patterns, indicating that this is volitional behaviour. Ephemeroptera, Diptera, Plecoptera and Trichoptera are common insect groups in drift, and amphipods and isopods are also frequently reported (Allan 1995). Most species of insects that volitionally enter the drift do so at night (Hynes 1970; Ciborowski 1983; Allan 1984; Forrester 1994). Some exceptions do occur.
 
 56
 
 Fishes and Forestry – worldwide watershed interactions and management
 
 Fig. 3.4 Relative abundance of different feeding groups of invertebrates, on various substrates, in a second (left) and a third-fourth order (right) stream. Reproduced with permission from the Annual Review of Entomology, Vol 24 © 1979 by Annual Reviews www.AnnualReviews.org
 
 Chironomids are described as aperiodic, and water mites and some Trichopterans are day-active (Allan 1995). Behaviour patterns are not universal, and Kerby et al. (1995) found no distinct diel pattern of drift among simuliids, chironomids and caenid mayﬂies in four small streams in Queensland, Australia. Nocturnal drift may have evolved as a predator-avoidance mechanism (Flecker 1992; Forrester 1994). Within a series of streams, drift became more nocturnal with increasing risk of predation. Drift was primarily nocturnal in Andean piedmont streams that were occupied by predacious ﬁsh, but it was not nocturnal in streams where predators were absent (Flecker 1992). Insect size, food availability and injury have also been cited as directly inﬂuencing drift (Allan 1978, 1984; Kerby et al. 1995).
 
 Elements of stream ecosystem process
 
 57
 
 Fig. 3.5 Change in structural and functional features with changing stream size in a hypothetical system. Re-drawn with permission from Vannote et al. (1980).
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 Continuous to pulsed systems: ranges of conditions The processes that we have described occur within a wide range of watershed types in which the overall ﬂow is primarily linear. Many streams and rivers, however, overﬂow their banks, ﬂood the valley ﬂoor and undergo an annual transition to lake-like condition and then back to that of a single channel. The relationships of the river to the forest, and the key processes underlying ﬁsh production in these two types of system are different.
 
 River continuum concept For many running water systems, there is a linear physical and ecological continuity from the headwaters downstream as small streams expand into large rivers (Vannote et al. 1980). The river continuum concept (RCC) deals with the connected processes of formation, delivery, transport and use of CPOM, FPOM, DOM; with the nature of invertebrate assemblages and energetics; and with the changes in these attributes with increasing stream size (Fig. 3.5). From a detailed study of ﬁrst to seventh order drainages, in four different regions of North America, conclusions about river processes were consistent with the RCC (Minshall et al. 1983). The gradual change in ecosystem function (Vannote et al. 1980; Minshall et al. 1983) is driven by longitudinal changes in the climatic and geographic controls that affect sediment and nutrient supply, runoff pattern and geomorphic responses. Progressive downstream changes in riparian conditions determine light, litter input and physical storage via debris accumulations. The biology of the system responds to these predictable changes in physical habitat and type and amount of organic matter available. The RCC provides a useful framework within which to compare stream systems and consider land use impacts. However, it has been criticized because it is not applicable in some situations. Research workers in New Zealand expressed concern about the universality of RCC (Winterbourn et al. 1981, 1984; Barmuta & Lake 1982). Shredders were absent, food specialization among insects was minimal, and organic bioﬁlm layers (periphyton and microbes in an organic matrix that encrusts the streambed substrate) were more important than terrestrially derived CPOM and FPOM in some New Zealand streams. Litter input was more important, in the lower reaches of large rivers, than predicted by the RCC (Meyer & Edwards 1990; Allan 1995). The idea of the overall continuum is useful, but the framework must be viewed as a sliding scale that can shift upstream or down depending upon the overall environmental situation (Minshall et al. 1983). The RCC does not apply fully when the whole adjacent valley ﬂoor is inundated seasonally and lake-like conditions are produced.
 
 Flood pulse systems In large rivers with extensive ﬂoodplains a ‘ﬂood pulse’ occurs within which the ratio of lentic to lotic area increases seasonally as ﬂoodplains are inundated. Where regular seasonal inundation occurs, the ﬂood pulse determines the ﬂoodplain biota. Storage of organic matter and nutrients and nutrient recycling within the system occur primarily
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 on the ﬂoodplain, and biological components of the system are adapted to this pattern (Junk et al. 1989). Numerous species of ﬁsh within ﬂood pulse systems such as the Amazon River have evolved patterns of feeding and movement that are appropriate for ﬂood pulse conditions (Goulding 1980; Bayley 1995). Agricultural or logging activities that remove ﬂooded forest, where ﬁsh may spend half of their time foraging, will dramatically affect feeding and growth of these ﬁsh. However, forestry impacts may not be transmitted downstream as directly as in non-pulsed rivers. Small drainages may have ﬂoodplains that, seasonally, experience partial or fullcover ﬂooding. Food production may be high at these sites, and ﬁsh may develop life history strategies that include the seasonal occupation of these locations. Brown (1985) described such conditions for a small stream on the western coast of BC. Many large rivers in North America were originally connected to their ﬂoodplains (Sedell & Froggatt 1984) and at one time exhibited ﬂood pulse conditions. Other large rivers, e.g. the Moise River, with a conﬁned channel in a drainage area of 20,000 km2, have never exhibited ﬂoodplain inundation pulses and have features that are consistent with the RCC (Sedell et al. 1989). We suggest that across the spectrum of watersheds, both large and small, there is a complete range of conditions from full ﬂood pulse to none. Regardless of the nature of the system, ﬂood pulse or river continuum, forest management must be predicated on understanding such broad river dynamics as well as the knowledge of associated biotic processes.
 
 Concluding comments Watershed ecosystems are inﬂuenced by an array of interconnected physical and biological processes, and the balance among them varies with climate and geographic setting. Within any setting there is a complex of conditions that are most suitable for biotic processes there. A holistic understanding of background physical conditions, ecological processes, and their relative importance within watersheds, will provide the best framework within which knowledge and experience may be applied for the protection or restoration of watersheds. If the nature and location of forestry activities are known, experienced managers and scientists will be able to anticipate the type of physical impacts that may arise from them. They may also be able to predict how forestry impacts may propagate through the system. The precise responses of various components of the biotic community may be more difﬁcult to predict, but understanding how the system functions is a critical part of the exercise of predicting biological response to land use activities. There are a number of key watershed processes that must be maintained if the systems are to be productive. The relative importance of these processes will vary regionally due to differences in climate and geology, and they may vary locally according to watershed aspect, elevation and mean gradient. Regardless, disruption of these processes will compromise the productivity and resilience of aquatic communities inhabiting them.
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 A long history of research in regions such as western North America and Europe permits an understanding of watershed processes that provides foundation for speciﬁc management requirements. In parts of the world where forestry activities have recently begun to expand, basic watershed research programmes are a necessity if aquatic habitats and ﬁshery resources are to be maintained.
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 Chapter 4
 
 Fundamentals of lake ecology relevant to ﬁsh–forestry interactions T.G. NORTHCOTE
 
 Introduction The science of limnology – the study of inland waters – has its roots steeped in lakes. From the Greek word limnos (lake, pool, swamp) and ﬁrst used in the late 1800s by F.A. Forel to title his monographic works on Lake Geneva, limnology has gradually broadened to include all inland waters, be they fresh or salty, lentic or lotic, surface or subterranean. Nowadays most limnological texts include some sections on streams and rivers (e.g. Wetzel 2001). Nevertheless, much of the consideration given to the inland waters of forested landscapes and their interactions with ﬁsh has focused largely on ﬂowing waters. This might be expected in the Paciﬁc northwestern parts of North America where stream rearing and sea-running salmonids are so important. Lacustrine subjects, however, have been given little coverage in a number of signiﬁcant reviews, bibliographies and books related to ﬁsh and forestry interactions (Gibbons & Salo 1973; Blackie et al. 1980; Toews & Brownlee 1981; Salo & Cundy 1987; Meehan 1991; Murphy 1995; Brewin & Monita 1998; Näslund 1999). Oceans make up more than 97% of water in the biosphere, with polar ice and glaciers 2% and groundwater less than 0.3%. Of the remaining inland surface waters (231.2 thousands of cubic kilometres), lakes contribute nearly 99.5% (Wetzel 2001). For example, Lake Baikal contains about a ﬁfth of the world’s freshwater volume. However, most lakes are small and are thus vulnerable to human activities in their tributaries and around their shorelines. Even Lake Baikal has been affected by logging activities and pulpmill pollutants (Northcote 1972a), and these practices continue (Goldman 1994). Lakes within the watershed of a stream–river system can alter the latter in many ways. They can change both summer and winter temperatures as well as discharge downstream. They intercept sediment and large woody debris but may produce particulate foods important to the biota in downstream river reaches. For some stream and river migratory ﬁshes they provide spawning habitats for adults and rearing and feeding habitats for juveniles. Lakes seldom are ‘standing bodies’ of water, fresh or otherwise. They are often moving internally as a result of complex though important processes. They are highly active and responsive inland aquatic ecosystems affected in major ways by human activities, including forestry, not only within their watersheds but often from their airsheds and even by global climatic changes arising in part from anthropogenic causes. 67
 
 68
 
 Fishes and Forestry – worldwide watershed interactions and management
 
 Lakes as products of their watersheds and airsheds The notion that lakes were largely closed systems where most of the important processes affecting their functioning and productivity occurred internally grew out of the popular view, held almost to the mid-1900s, that lakes were ‘microcosms’ to be regarded as ‘closed communities’. In recent decades we have found all too painfully that lakes are anything but closed. Limnologists and the public have been forced to face the many problems surrounding lake eutrophication, acidiﬁcation, increased ultraviolet radiation and global climate changes. Lakes whether small or large are now regarded as products of their watersheds and airsheds. Indeed recently developing views further strengthen lake connections to landscape ecology (Turner 1998), with broad spatial scales, controlling factors and comparisons extending out from lakes themselves into catchments, lake districts, physiographic regions, and even continents (Tonn et al. 1990). Positioning of lakes within watersheds has important implications on how markedly they may be affected by watershed inputs. This is nicely illustrated by the series of Okanagan Valley basin lakes (Stockner & Northcote 1974), where one of the uppermost in the chain – Wood Lake – has long been subject to cultural eutrophication whereas one of the lowermost in the chain – Vaseux Lake – by its positioning down in the series is ‘protected’ from the more serious effects of eutrophication. Both are relatively small and shallow lakes (Table 4.1) but with greatly different drainage areas and residence times, those of Wood Lake being small and long respectively, while those of Vaseux are large and short. Furthermore, the ﬁve lakes upstream from Vaseux (Fig. 4.1) serve as partial nutrient traps, three of them much larger and deeper, whereas Wood Lake has only one small and shallow basin lake upstream from it. So apart from the many other aspects of watershed characteristics that affect lake functions, positioning within watersheds must be considered. Watershed landscape topography also may be important. Two small eutrophic lakes less than a kilometre apart in south-central British Columbia responded very differently to factors producing overwinter oxygen depletion and resultant ﬁsh mortality (Halsey 1968; Northcote 1980). Corbett Lake, the upper and deeper one (mean depth 7.0 m), in a small side valley protected from effective autumnal wind mixing, experienced frequent ﬁsh winter-kills. In contrast, Courtney Lake, the lower and shallower one (mean depth 4.9 m), was much more open to prevailing wind direction, mixed
 
 Table 4.1 Comparative morphometric and hydrologic featuresa of two Okanagan basin lakes of differing watershed positioning (see Fig. 4.1) Lake Wood Vaseux a
 
 Position in watershed
 
 Drainage area (km2)
 
 Surface area (km2)
 
 Maximum depth (m)
 
 Upper Lower
 
 184 6425
 
 930 275
 
 34 27
 
 Residence Eutrophic time (years) condition 19.8 0.03
 
 High Lower
 
 From Northcote (1973), Stockner & Northcote (1974) and additional polar planimetry.
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 Fig. 4.1 Kootenay and Okanagan basin lakes showing their watersheds (– -) and major subbasins (…). Inset shows lake location in western North America. Adapted from Northcote (1980).
 
 thoroughly, reoxygenated in autumn and never had ﬁsh kills. Artiﬁcial autumn circulation of Corbett Lake subsequently prevented ﬁsh kills. Landscape topography and the position of lakes accounted for major divergences in responses to drought (Webster et al. 1996). Watershed features such as area, slope and percentage of wetlands affected water chemistry, as shown by D’Arcy & Carignan (1997) for lakes in Quebec, Canada. Lake watershed morphometry (size and shape), as well as positioning in relation to the lake outlet, have effects on their internal production processes. Large Kootenay
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 Lake (417 km2) in southeastern British Columbia has a watershed over 100 times the size of its surface area with about 80% of the catchment draining into the southern end (Fig. 4.1). Phosphate enrichment from a fertilizer plant over 350 km upstream in a small headwaters stream resulted in severe eutrophication of this large lake from the mid-1950s to the early 1970s (Northcote 1972b, 1973). The combined effect of reduced fertilizer input and construction of a large impoundment (Fig. 4.1) in the middle reaches of the inﬂowing Kootenay River brought about, by the late 1970s, a marked reversal in nutrient loading to Kootenay Lake (Northcote 1980; Ashley et al. 1999). The importance of major drainage sub-basin location in relation to the outlet of lakes is shown by contrasting differences between two small lakes, Deer in British Columbia and Tutira in New Zealand. The largest sub-basin in Deer Lake (nearly half of the total watershed and supplying about 36% of the lake’s annual phosphorus load) is located so as to pass its discharge through much of the lake system (Northcote & Luksun 1992), whereas by far the largest sub-basin of Lake Tutira is located close to its outlet, reducing its potential to effect eutrophication of the lake (Northcote 1980). Lakes in watersheds collect, alter, and sometimes concentrate, effects of various human activities in their watersheds – deforestation by logging or reforestation being but two of many (Burgis & Morris 1987). Nutrients and other materials may be trapped temporarily in their bottom waters. Theoretical water retention times (or the converse – ﬂushing rates) have great significance. This is especially evident for the large Kootenay Lake whose major watershed sub-basins drain through the relatively shallow and narrow West Arm (Fig. 4.1). The main lake has a long residence time – some 566 days – and after a few years of high phosphate enrichment became eutrophic. Its West Arm with a residence time of 5.5 days and as brief as 1.6 days during the high early summer runoff period (Northcote 1973) never showed severe effects of eutrophication in the 1960s. In Kamloops Lake, British Columbia (56 km2 in surface area and 73 m mean depth), seasonal changes in discharge of its major inlet river varied residence time from a late winter high of 212 days to a spring runoff period of only 11 days (Ward 1964, 1966). Airsheds as well as watersheds of lakes can have large effects on water quality, biota and overall functional processes. Many of the accumulative effects of acid precipitation, stratospheric ozone depletion and climatic warming are reviewed by Schindler (1998) for the world’s several million boreal lakes. These ‘big three’ of global human stressors to natural ecosystems along with other human activities on lakes and their watersheds are summarized in Fig. 4.2. Lake mean depth has been used as a morphometric parameter to classify lake trophic status – high mean depth indicative of low productivity (oligotrophic) and low mean depth of high productivity (eutrophic) ones. Earlier approaches in this area are found in Rawson (1955), with modiﬁcations by Northcote & Larkin (1956). Lake surface area in relation to mean depth and hence volume obviously has major effects on retention time and thereby production, as do shoreline slope, littoral zone area and volume, in relation to that of the whole lake. Lake water level is normally high in the runoff season, and depending on lake edge morphometry, can inundate large areas of shallow shorelines, increasing inputs of nutrients and terrestrial invertebrates as well as shoreline-attached algae (periphyton) and rooted aquatic plant (macrophyte)
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 Fig. 4.2 Combined effects of climatic warming, acid precipitation, stratospheric ozone depletion and major human activities on boreal lakes and their watersheds. Sulphate entering the wetlands and lakes with acid precipitation is stored and reduced as sulphur when water tables are high. When climate warming and drought cause water tables to lower, the sulphur is reoxidized, causing acid pulses to enter lakes and streams. Both drought and acidiﬁcation cause dissolved organic carbon (DOC) to decrease. Adapted from a colour ﬁgure in Schindler (1998).
 
 production. Such interactions are important in both temperate and tropical lakes, especially those situated in large river ﬂoodplains (Engle & Melack 1993). For a temperate seepage lake in northern Wisconsin, USA, Hagerthey & Kerfoot (1998) showed that high groundwater discharge sites around the shoreline were signiﬁcantly greater in phosphorus concentrations and epibenthic algal biomass than were those at low ﬂow sites. Groundwater as well as surface water inputs may vary spatially around lake shorelines, as well as seasonally and annually, further complicating production dynamics, especially in ﬂoodplain lakes (Lesack 1995).
 
 The importance of interfaces for productivity and biodiversity Many of the processes controlling productivity and biodiversity within lakes occur at or near interfaces. There are two key interfaces for any lake – at its surface between air and water, and at its bottom between water and whatever material encloses the water – rock, gravel, sand, or silt. Its upper air–water interface is the site of several highly important processes. Here radiation from the sun drives primary photosynthetic production throughout the upper water column (euphotic zone) via planktonic algae (phytoplankton), algae attached to surfaces (periphyton), and rooted aquatic plants (macrophytes). Their abundance and diversity varies spatially (usually being highest
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 in the upper onshore areas), seasonally, and among the three groups. Long wave solar radiation heats the upper layers of lakes and warm near-surface waters are circulated to varying depths into the lake mainly by wind action at the air–water interface, although other processes are involved usually to a lesser degree. Surface wave action is responsible for much of the gaseous exchanges of oxygen, carbon dioxide and nitrogen, so necessary to biological production within lakes. Much of the planktonic invertebrate community occurs in the upper warmed layers. The second key interface in any lake is that between the water and the lake bottom. Here, especially in the warm seasons of temperate lakes and throughout much of the year in tropical lakes, the important processes of bacterial decomposition and nutrient regeneration occur, although these also take place in the water column itself. At the water–bottom interface are found the benthic invertebrate communities, some living at or close to this interface and others up to 30 cm or more into the softer sediments, again often in highest abundance and diversity in nearshore areas. Benthic pathways are a neglected but integral part of lake food webs (Vadeboncoeur et al. 2002). These two interfaces overlap along the shoreline, usually creating a region of highest biological productivity and diversity to be found anywhere in a lake. But shorelines are also the very location where many human activities have been concentrated for centuries if not millennia. For some of the large European lakes such as Maggiore in northern Italy and Constance in Germany/Switzerland/Austria it is difﬁcult to ﬁnd even a few metres of natural lake shoreline remaining. And in the large Okanagan Lake in Canada where sizable human populations have only existed for less than a century, about 80% of the lake shoreline in several long stretches has been modiﬁed in varying ways by man (Northcote & Northcote 1996), with major reduction in their productivity and diversity. Lake shorelines at or close to the entry of streams and rivers may be greatly affected by sediment inputs as well as other particulate and dissolved materials, some from natural but others from human-generated sources. This is evident in Lake Malawi and elsewhere in Africa (pers. comm. G.F. Hartman), and certainly in Lake Titicaca, Peru (Northcote 1992). The composition of surﬁcial ﬁne-grained sediment, important for macrophyte growth around the littoral zone of a large Quebec/Vermont lake, could be predicted by a model including fetch, depth and shoreline slope (Petticrew & Kalff 1991). Wave disturbance and substrate slope affect sediment characteristics of small lakes (Cyr 1998). Several morphometric parameters have been used in quantifying the relative amount of shoreline bordering lakes of differing shape, size and bottom slope. Most commonly used are shoreline length, shoreline development (the degree to which lake shape departs from being circular), littoral area and littoral slope; see Håkanson (1981). There now are means to differentiate between littoral and pelagic food webs in lakes using stable carbon isotopes. In Canadian Shield lakes 13C enrichment is clearly evident in littoral versus pelagic consumers and this may well be a characteristic feature of lakes worldwide (France 1995). Littoral habitat has long been viewed as an important variable controlling the abundance and production of ﬁsh, with macrophyte presence being a key factor (Hinch et al. 1991). In North American Great Lakes a ﬁsh production index is signiﬁcantly greater in littoral habitats with submerged macrophytes than without them (Randall et al. 1996). Submerged trees and coarse woody debris in lake
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 littoral zones are important spawning sites for some ﬁsh (Colgan & Ealey 1973), and as cover to signiﬁcantly lower predation risk for other ﬁsh (Tabor & Wurtsbaugh 1991). Coarse woody debris occurs in the littoral zone of many of the 260,000 Ontario lakes (Guyette & Cole 1999), as well as in lakes and reservoirs in several of the large limnological regions of British Columbia (Northcote & Larkin 1956). Relatively little seems to be known about the ecological function of woody debris in lakes compared with that in ﬂowing waters. Its role in reservoirs is reviewed by Northcote & Atagi (1997). Many of the woody debris pieces of eastern white pine (Pinus strobus) in Ontario lake littoral zones have been there for several hundred years, but no mature ones have fallen into a study lake there for the last 100 years (Guyette & Cole 1999), as a consequence of all the large trees around the forest–lake ecotone being harvested in the late 1800s and early 1900s (see also Abrams 2001).
 
 Stratiﬁcation, destratiﬁcation and mixing In temperate areas most lakes cycle through a fairly predictable sequence of full spring mixing followed by a gradual build-up of summer thermal stratiﬁcation into an upper warm mixing layer above a sharp temperature/density gradient, and a lower cool partially non-mixing layer (Weyhenmeyer & Meili 2000). The latter may become severely depleted in dissolved oxygen and thereby not habitable by many species of ﬁsh. In autumn upper layers may cool to the point where strong wind action can mix the lake so it once again can circulate freely. If ice cover forms in late autumn or winter the lake of course can no longer mix readily and slight negative thermal stratiﬁcation occurs beneath the ice. Strong oxygen depletion in the lower layers can develop (Mathias & Barica 1980), to the degree that overwinter or early spring ﬁsh mortalities may result, sometimes just in the ﬁrst few days after ice break-up. There are numerous exceptions and modiﬁcations to this pattern even as outlined for temperate lakes, and certainly for subtropical and tropical lakes. These variations are explained in most limnological texts. Tropical lakes may not show large thermal variation vertically, but this can occur in density, and may restrict deep mixing so that lower layers become deoxygenated (Hecky et al. 1994). Elsewhere mixing can be restricted by morphometry, wind sheltering by trees and other factors (Whitmore et al. 1991). Temperature and atmospheric pressure effects on dissolved oxygen content of inland waters are well known (Mortimer 1981). Lake shape, nutrient concentration and loading are important in affecting the degree of anoxia in lakes (Nürnberg 1995a) and ﬁsh species richness (Nürnberg 1995b). As noted previously, lakes are not static water bodies. Wind-driven waves on their surface cause parallel foam streaks to develop at wind speeds of about 2–7 metres per second (Langmuir 1938). Between and beneath these streaks are cells of converging and diverging water circulation which aggregate planktonic algae and small invertebrates, forming high prey densities for predators such as ﬁsh to exploit. Furthermore, when thermally stratiﬁed, lakes (especially long narrow ones) under periodic wind stress can develop large internal stratiﬁcation slopes and thereby currents (internal seiches). These complex oscillations have important implications both chemically and
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 biologically on the distribution and production of lake biota (Ostrovsky et al. 1996). Sometimes they result in macroinvertebrate and ﬁsh mortalities (Emery 1970). In early spring or late autumn, onshore temperature and hence density differences with offshore water can lead to formation of a thermal bar which can trap onshore pollutants from rivers, cities or industries (Spain et al. 1976).
 
 Light penetration and its ecological signiﬁcance The quantity and quality of radiation that reaches various regions in a lake directly or indirectly affects nearly every process occurring there. The main radiation source is sunlight, and its quantity and quality have been altered by passage through the earth’s atmosphere before it reaches lake surfaces, although by far the greatest changes occur within lake waters themselves. No matter how transparent the lake water, less than 20% of long wave radiation remains after 1 metre depth, and only about half or less of the ultraviolet radiation. Discolouring stains such as in the brown water of bog lakes have little effect on longer wavelengths but virtually cut off the ultraviolet wavelengths. Stains in lake waters result from dissolved inorganic compounds (irons producing yellows or reds, calcium carbonate producing greens) and from dissolved or colloidal organic matter including lignin–protein complexes, ‘humic’ carboxylic acids, as well as polysaccharides, carbohydrates and saturated fatty acids. Suspended particles in lake waters greatly reduce the quantity of subsurface transmission and, depending on their size, differentially affect light quality – small particles reducing short wavelengths most and large particles being nearly non-selective. Turbidity and transparency of lakes results from inorganic suspended material such as glacial ﬂour and silt, and from various types of organic matter including plant and animal plankton. The settling rate of suspended matter depends on whether or not it is live or dead, on the speciﬁc gravity and size of the particles, on their shape (surface area to volume ratio), and on water viscosity, which varies seasonally with temperature. Measurement of photosynthetically active radiation in lakes is usually done with a radiometer covering the 400–700-nm range. Water transparency of lakes has routinely been measured by the maximum depth to which a 20-cm diameter white or black and white quadrant disc (Secchi disc) can be observed from the surface. Values of about 40 m have been reported for Lake Baikal in Siberia and in a few Swedish lakes, with those in the 10–20-m range common for clear, relatively unproductive lakes, and often much less than 1 m in highly productive lakes during dense algal blooms or in highly unproductive lakes with heavy glacial ﬂour or silt loads. Because these vary with runoff, there can be large seasonal and spatial differences in lakes (Northcote et al. 1999). Approximate factors have been used to convert Secchi depth readings to 1% surface illumination, the maximum depth of the euphotic zone depth (Koenings & Edmundson 1991). In lakes where there is little interference from inorganic particulates, Secchi disc transparency tracks changes in planktonic algal biomass, as was the case in Lake Washington, USA (Edmondson 1972). Phytoplankton production can be regulated by inorganic turbidity, greatly limiting light penetration in some temperate and tropical lakes (Lind et al. 1992; Northcote et al. 1999).
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 Increases up to 10–20% per decade in incident ultraviolet B (UV-B) radiation (280– 320 nm) at temperate latitudes have resulted from stratospheric ozone depletion over the last decade and a half (Williamson 1995). The depth of UV-B penetration is only a few metres in all but the clearest lakes. In some regions brown-staining dissolved organics are characteristic of lake waters and these may further reduce UV-B depth penetration, giving protection to aquatic biota, although not always (Arts et al. 2000; Kaczmarska et al. 2000). In higher elevation clear waters one might expect greater impacts from increased UV radiation, as was suggested for littoral attached diatoms (Vinebrooke & Leavitt 1996). The effects of UV-B radiation on lentic freshwater ecosystems are complex with multiple indirect as well as direct ones, and with synergistic responses from other large-scale perturbations (Williamson 1995; Schindler 1998). In New Zealand lakes, aquatic plants such as Isoetes and Chara were stressed by UV radiation, but not Potamogeton (Rae et al. 2001).
 
 Nutrient sources, needs and uptakes Production of biotic communities in lakes, from bacteria to aquatic vertebrates, is in large part controlled by nutrient supply and availability – dissolved forms of nitrate, phosphate, silicate and bicarbonate along with a number of microelements. In recent decades the importance of several major supply sites for nutrients has become evident. These include surface and groundwater inputs of lake drainage basins (even from their headwater reaches, Peterson et al. 2001), airborne inputs, and internal inputs from lake waters, biota (including ﬁsh) and bottom sediments. Concern over excessive algal blooms in the 1960s, mainly in the areas where dense human populations were present, resulted in the identiﬁcation of phosphorus and nitrogen inputs as key causes. Loading models were developed to predict when lakes might become seriously affected or by how much inputs should be reduced to bring about major improvements (Vollenweider 1968). In some lake waters microelement deﬁciencies involving molybdenum, zinc, iron and others have been identiﬁed (Evans & Prepas 1997; Emmenegger et al. 2001). In the early 1970s, marked within-lake differences (partly a result of residence time), in expression of high phosphate loading on algal populations were recognized, as in the West Arm and main basin of Kootenay Lake (Northcote 1973). Vollenweider (1976) then included retention time in his phosphate loading formula. Further improvements and reﬁnements have followed (Kenny 1990; McCullough 1998; Hatch et al. 1999; Devito et al. 2000; Guildford & Hecky 2000). Effects of lakeshore forest cover on planktonic algal production were shown for Castle Lake in California, USA (Goldman 1961). Most of its western shoreline was composed of an Abies–Pinus open forest, whereas over half the eastern shoreline was covered by nitrogen-ﬁxing Alnus. Planktonic algal production was signiﬁcantly higher off the eastern than the western shoreline, presumably a result of higher nitrate inputs. Especially in regions of dense riparian cover by deciduous trees, terrestrial airborne litterfall from at least 10 m away from the shoreline may contribute signiﬁcantly to
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 lake carbon, nitrogen and phosphorus nutrient budgets (Sebetich & Horner-Neufeld 2000). Suspended inorganic sediments entering lakes can have signiﬁcant negative effects via light limitation on phytoplankton, periphyton and macrozooplankton response to nutrient loading, especially phosphorus (Ennis 1975; Cuker & Hudson 1992; Northcote et al. 1999). It became apparent soon after application of Vollenweider type and other nutrient loading models for prediction or restoration of lake water and biotic quality that internal sources and recycling of nutrients must be included in these models. In temperate lakes which mix more or less completely in spring and autumn but which deoxygenate in their lower layers over summer and winter, there can be major phosphorus inputs from lake bottom sediments (Nürnberg 1987; Murphy et al. 2001). In addition, bacterial breakdown of organic material from many biotic sources within the water column must be considered, including ﬁsh (Persson 1997). In some lakes night-time convective circulation may be an important means for movement of littoral phosphorus into deeper offshore pelagic waters (Stefan et al. 1989; James & Barko 1991). As a further complication, the balance between nitrogen and phosphorus inputs (the N:P ratio) has been an important issue in lake nutrient response (Levine & Schindler 1992; Guildford & Hecky 2000; Downing et al. 2001). Though most of the work on lake nutrient dynamics has concerned temperate systems, there have been valuable studies on both deep and shallow tropical lakes (Edmond et al. 1993; Carignan & Planas 1994; Lehman & Branstrator 1994; Carignan & Vaithiyanathan 1999).
 
 Major players in lake communities and their functional interactions There are three major groups of primary producers using solar radiation as an energy source in conjunction with their photosynthetic pigments and available dissolved nutrients, mainly but not exclusively phosphorus, nitrogen and carbon (chieﬂy in the form of bicarbonate), to form plant sugars and eventually other complex compounds. The ﬁrst group is planktonic algae (phytoplankton) along with the blue-green cyanobacteria and in some lakes also photosynthetic purple sulphur bacteria. Secondly there are the algae attached to different surfaces (periphyton), often given other names depending on the type of surfaces to which they are attached – epiphytic algae being those attached to rooted aquatic plants (macrophytes), epipelic algae those growing on ﬁne organic sediments, epilithic algae being those growing on rock surfaces, and so on. Thirdly there are the rooted aquatic plants, some of which may be completely submerged and living on the bottom down to several metres if there is sufﬁcient light, others with both submerged and ﬂoating leaves, and still others with emergent stems and leaves. The relative contribution of these three major groups of primary producers to overall production varies greatly within lakes (seasonally and spatially) and between lakes. Too frequently, published measurements of primary production include only the phytoplanktonic component because techniques for obtaining it via 14C uptake are relatively easy, well worked out and standardized.
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 Secondary production in lakes comes from a wide range in sizes and types of planktonic invertebrate animals including protozoans up to some insects, as well as from invertebrates living in or on the lake bottom (the benthos), and the ﬁsh and other vertebrate groups living both in the water column and/or at the lake bottom. The sizes and feeding (trophic) relationships of these vary greatly over the life cycles of the species involved and among the aquatic ecosystems being considered. In general, lake secondary production measurements come from estimation of numbers, biomass and growth rates and can be fraught with difﬁculties. The usual view of food web structure has been that phytoplankton, mainly diatoms and ﬂagellates, were grazed upon by intermediate and larger sized zooplankton and these in turn by larval, juvenile and some species of adult ﬁsh. Other pathways are now becoming evident and include consumption of very small algae (0.2–2 µm, picoplankton) by protozoans, the presence of a microbial food web using detritus, and a recycling of this organic matter into higher trophic levels, referred to as the ‘microbial loop’ (Carrick et al. 1991; Hart et al. 2000).
 
 Lake type and succession: natural and anthropogenic Lakes, in the long run, are self-destroying aquatic depressions in the landscape. They accumulate sediments from their drainage basin inputs, from their edges by erosive wave action, and from their internal organic production, often at rates of only a very few millimetres annually, but over the centuries they gradually ﬁll in. They become shallower and richer in nutrients, their productivity increases, as does their rate of sediment accumulation. Thereby even rather large unproductive oligotrophic lakes may become productive eutrophic ones in a few millennia. This natural process of eutrophication and succession does not always proceed at a constant rate. It is subject to sometimes rapid changes and reversals, as is evidenced by analyses of sediment proﬁles, in terms of physical, chemical and microfossil evidence contained therein. A wide range of human activities in and around lake airsheds, watersheds and shorelines can greatly accelerate the normally slow process of lake eutrophication. This in general is called cultural eutrophication and forestry may be one of the activities involved (see Chapter 14). Major deforestation in the watershed of the small oligotrophic Blelham Tarn in the English Lake District about a thousand years ago resulted in its ﬁrst sharp increase in sedimentation rate since deglaciation, followed by another in the 1500s associated with the start of agricultural fertilization, and with the largest increase occurring after sewage enrichment in the 1900s (Pennington et al. 1977). In the large North American Lake Erie, phosphorus loading increased slowly after forest clearance and early watershed settlement in the late 1800s, but exponentially from the late 1940s to the mid-1970s (Schelske & Hodell 1995). It has declined considerably with phosphate abatement programmes, a nice demonstration that cultural eutrophication can be reversed. Over the last hundred years most lakes in Connecticut, USA, with watersheds remaining about 80% forested have not changed in their trophic status, whereas those becoming about 25% residential have had the greatest change (Silver et al. 1999).
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 Prediction of trophic status, conditions and ﬁsh production Effective management of lake ecosystems in the face of multiple impacts from natural disturbance and from human activities and interventions demands the ability to make general predictions, often without detailed information on many of the factors involved or on how they interact together or sequentially. Predictive models designed to provide help in this regard have a long history in lake limnology. More recently, the role of prediction has become explicit (Peters 1986; Håkanson & Peters 1995; Håkanson 1996; Bondini 2000). Thienemann (1927) proposed that for north German lakes those with a mean depth >18 m were oligotrophic and those 0.5 mm and 1021 million insects
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 were delivered to the estuary during spring break-up. Particulate organic matter of this size fraction represents only about 2–5% of the amount of DOC, so that actual river contribution of carbon to its estuary is probably in the order of 100–200 tons during break-up. This does not include the fraction of DOC in insects, a potential direct food source for ﬁshes. Impoundment of rivers may reduce such inputs of organic carbon to estuaries, as does deforestation of their watersheds. Tidally and seasonally ﬂooded marshes of estuaries are also a potential source of organic carbon (Fig. 5.1). Primary production in marsh and mangrove communities is often very high, ranging up to 3000 gC m–2 y–1 (Alongi 1998). Little marsh and mangrove plant production is consumed as living material. Dead plant material in these systems is consumed there, buried in sediments, or transported to other parts of the estuary. Welsh et al. (1982) estimated that marshes contributed between about 2% and 60% of organic carbon loads to several estuaries in New England, USA, but most values were 20 ppt(Painchaud et al. 1996). A similar relationship is reported for the Fraser River estuary in British Columbia (Harrison et al. 1983). Abundance appeared to be largely under hydrodynamic control in the St Lawrence but was also affected by microheterotrophic grazing. In the Hudson River estuary of eastern USA, bacteria ranged in abundance from 109 to 1010 L–1 over the year with a summer maximum (Findlay et al. 1991). Measurements made in the Mississippi River plume suggest that in summer 10–58% of phytoplankton production is sufﬁcient to support the bacterial population but in winter the bacteria are dependent on other sources of carbon, presumably from riverine inputs (Alongi 1998). This echoes the suggestion by Naiman & Sibert (1979) that different carbon sources may be important at different seasons, with riverine inputs particularly important in winter (Fig. 5.1). The role of bacteria in remineralization of organic matter has long been recognized but the importance of the microbial loop in food webs of aquatic communities has only recently come to the fore (Alongi 1998). As Jackson et al. (2001) suggest, however, the importance of this pathway may have been enhanced by overexploitation of top predators. Decomposition and remineralization of organic carbon materials in estuaries follows a three-step process. First, soluble organic substances are leached out and so provide food for bacteria and some other estuarine microfauna. Second, bacteria colonize the remaining organic particles, breaking them down into sugars and proteins but leaving larger polymers and other complexes to settle into sediments.
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 Finally, heterotrophic consumption by larger estuarine organisms goes on throughout this process with bacteria and some components of the organic detritus comprising the food of these consumers. In the York River estuary, Texas, USA, heterotrophic protists fed equally well on heterotrophic bacteria and cyanobacteria, suggesting that the protists oxidized much of the total bacterial biomass and thus were important nutrient regulators in this ecosystem (Eldridge & Sierachi 1993). Both aerobic and anaerobic processes are given in Kennish (1990). Primary production in estuaries is distributed among pelagic phytoplankton, benthic microalgae, seagrasses, tidal marsh plants and mangrove forests. The combined production from these sources can amount to several kgC.m–2.y–1 but their relative importance varies substantially among estuaries. Phytoplankton are important energy ﬁxers for zooplankton grazers and suspension-feeding benthic invertebrates. Benthic micro- and macro-algae and seagrasses provide food for a wide range of organisms from bottom-dwelling invertebrates to ﬁsh and birds. Marshes and mangrove forests have their own communities of consumers but at times can export much organic material to the open water. Many consumer organisms invade marshes and mangrove forests tidally and seasonally or during particular life stages and feed there. Phytoplankton biomass varies seasonally in temperate estuaries with maximum values in late spring and early summer. Seasonal cycles of biomasses are much less pronounced in tropical estuaries. Annual phytoplankton production ranges from 500 gC m–2 y–1 depending on turbidity and nutrient conditions (Kennish 1990). Phytoplankton biomass in upper San Francisco Bay, western USA is low (2–3 mg chlorophyll a per m3) during spring periods of high river discharge when water residence time in the estuary is short. It peaks in late summer and autumn (>30 mg chlorophyll a per m3) when river discharge is low and residence time long (Alpine & Cloern 1992). In the tidal freshwater portion of the Hudson River estuary, eastern USA, net phytoplankton production is strongly light-limited and algal cells in the mixing regime can spend up to 18 hours per day below the 1% light level (Cole et al. 1992). Salinity, diffuse light attenuation coefﬁcients and ammonia concentration explained 71% of variability in phytoplankton biomass in the Neuse River estuary, eastern USA (Pinckney et al. 1997). In highly turbid estuaries, phytoplankton compensation depths may be 1 1
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 Table 7.1 Type, extent and general location of well-documented migratory behavioura in 36 major groups of ﬁshes frequenting inland waters of the world
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 tributaries by adﬂuvial cutthroat trout to a Utah reservoir occurs mainly at night and shortly after emergence (Knight et al. 1999), similar to that of underyearlings for several lake-dwelling but inlet spawning populations of trout (Northcote 1969). Several species of salmonids make regular seasonal use of small tributaries during riverine residence, so their passageway into and out of such important temporary habitat is critical to their production (Hartman & Brown 1987; Bramblett et al. 2002). Information on potamodromous migrations, which occur in the many other groups of ﬁshes (Table 7.1), is provided by Lucas & Baras (2001). The important concept of core area use in rivers and streams for seasonal habitat occupation, along with associated movement to and from such areas, is now emerging from radio-tagging studies in several groups of ﬁshes such as sturgeon (Knights et al. 2002), bull trout (K. Bray & P. Mylechreest, pers. comm.), brook trout (Curry et al. 2002) and Atlantic salmon (Hiscock et al. 2002). In lakes, some salmonids (especially sockeye and kokanee Oncorhynchus nerka) undertake extensive and regular diel vertical migrations (Northcote 1967; Narver 1970; Levy 1990, 1991), even under ice in winter (Steinhart & Wurtzbaugh 1999). They occur as a complex compromise to optimize feeding, growth and predator avoidance. These migrations, especially in their near-surface portion, can bring the ﬁsh into direct contact with various forestry activities and also their environmental effects (see Chapter 14). Many non-salmonid ﬁshes make extensive and multidirectional migrations (see Table 7.1). These include anadromy in smelts, clupeid shads (McDowall 1996; Blaber 1997) and sturgeon (Veinott et al. 1999; Fox et al. 2000), and potamodromy in paddleﬁsh (Lein & De Vries 1998), galaxids (Richardson et al. 2001) and cyprinids (Lindsey & Northcote 1963; Tyus 1990; McAda & Kaeding 1991; Osmundson et al. 1998). For the latter group, precise reproductive homing has been documented in roach (Rutilus rutilus) by L’Abe’e-Lund & Vollestad (1985) and in Leuciscus cephalus by LeLouarn et al. (1997). Cyprinids in some African lakes have spawning migrations much like trout in temperate lakes (G.F. Hartman, pers. comm.). Schindler (1999) has developed a model to examine the lake onshore–offshore diel migratory strategies of minnows. Catostomids may migrate into lake tributaries to spawn and their young move back to lakes at a young stage (Geen et al. 1966). For non-salmonid tropical freshwater ﬁshes, Blaber (1997) has reviewed both anadromous and potamodromous migratory patterns. Several groups of ﬁsh exhibit what has been termed ‘partial migration’ (Jonsson & Jonsson 1993), i.e. where a particular population can be composed of both migratory and resident individuals, the latter often being dwarfs compared with the migratory forms. This phenomenon is common in at least nine species of salmonids and two species of smelts (see Table 1 in Jonsson & Jonsson 1993).
 
 Mechanisms of ﬁsh migration in freshwater The control of diadromous migration in ﬁshes involves a complex and hierarchical series of mechanisms. This has long been recognized (McCleave et al. 1984), as has the importance of olfactory imprinting and other controls in the precision of reproductive homing (Døving et al. 1974; Hasler & Scholtz 1983; Smith 1985; Groot et
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 al. 1986). Multiple mechanisms are used in the homing phenomenon of migration in rivers (Northcote 1984) and in lakes (Hodgson et al. 1998). The olfactory organ of lake salmonids may discriminate among different intensities of various freshwater odours (Sato et al. 2000). Olfaction also plays an important role in homing and estuarine migration of the catadromous eel (Barbin 1998). A suite of guidance cues may be integrated through the sensory capabilities used by ﬁsh (visual, olfactory and others). These may be regulated by genetic control, by previous experience and learned behaviour as young, and by past as well as present environmental conditions (such as water temperature, light and photoperiod, water currents). Among salmonids, each species may have different strategies of homing migration (Northcote 1978, 1998) and use different sensory abilities affected by hormonal states (Ueda 1998). Although home stream odours may be imprinted by learning as juveniles and remembered by returning adults several years later, there has been continuing research to identify just when and how such imprinting occurs. Experimental work on coho salmon juveniles suggests that imprinting only occurs during the short period of parr to smolt transformation (Dittman et al. 1996). Nevertheless, under wild rearing conditions young salmon can learn site-speciﬁc home odours long before reaching the smolt stage. Several species of salmonids that leave freshwater rearing areas as young fry are able to reproductively home with high precision. The ﬁeld is still under active research by several groups (Barinaga 1999). Because of the importance of ‘home stream’ olfactory cues, imprinted as young and used by returning adults several years later, it is not difﬁcult to see the implications of changing stream odours by various human activities, including forestry.
 
 Physiological capabilities, behavioural tactics and energetics Physiological capabilities Species vary in their physiological capabilities to migrate. Natural selection has resulted in some species or stocks having superior migratory abilities. These capabilities, however, have costs in fecundity, morphology, or other aspects of ﬁtness associated with maintaining them (Crossin 2002). There are two fundamental types of swimming, sustained and burst. Their magnitude and duration vary among stocks and species in relation to underlying physiological factors and particular environmental features. Sustained swimming is the slowest class of speeds and can usually be maintained indeﬁnitely without causing fatigue. Burst swimming is the fastest class and when elicited usually causes fatigue in less than 1 minute. An intermediate class of speeds, termed ‘prolonged’, reﬂects a zone of transition between sustained and burst, and may be the most common one used by upstream migrating individuals (Beamish 1978). At the physiological level, swimming capabilities are governed by muscular, enzymatic and metabolic factors. Fish swimming musculature is made up of two types, ‘red’ and ‘white’ muscle (Gill et al. 1989). In red muscle, glucose is converted to energy in the presence of oxygen (aerobic metabolism). This function can go on indeﬁnitely
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 provided that oxygen and glucose are present in the blood. Red musculature is used for day-to-day routine activities (e.g. sustained swimming). White muscle also converts glucose, via glycogen, to energy but it does so without oxygen (anaerobic metabolism), and is only used when blood oxygen is lacking and aerobic swimming is not possible, for instance when ﬁsh try to ascend fast stretches of rivers (e.g. burst swimming). However, anaerobic metabolism is much less efﬁcient for conversion of glucose to energy than is aerobic metabolism and its byproduct, lactic acid, can itself impair swimming, leading to fatigue if it cannot be eliminated quickly. In some circumstances, blood lactic acid can accumulate to such high levels during hyperactive swimming that blood acidosis causes mortality (Black 1958). Thus, species or stocks with relatively high proportions of white muscle, and good abilities to eliminate lactic acid and recover from strenuous exercise, may be able to migrate more successfully through fast water. However, high proportions of white muscle will be disadvantageous for steady cruising activities, which may be required for feeding or other behaviour. Trade-offs in relative proportions of muscle types may depend on more than just migratory constraints in a ﬁsh’s life history (Gill et al. 1989). Maximum sustained speeds vary considerably among sizes and life stages within species, and among taxa. Within a species, larger ﬁsh generate greater tail thrust and can attain higher absolute swimming speeds than smaller ﬁsh. Yet relative to body size, small ﬁsh are better ﬁtted to sustained swimming. For example, 8-cm sockeye salmon (Oncorhynchus nerka) have sustained swimming speeds of 6.7 L s–1 (lengths per second) but 60-cm sockeye can only sustain 2.1 L s–1 (Brett & Glass 1973). Maturation stage can also affect swimming performance, irrespective of body size. For instance, 13-cm Atlantic salmon smolts have a maximum sustained speed of 114 cm s–1 whereas that for the same sized parr is 82 cm s–1 (Peake et al. 2000). Some differences among taxa in maximum sustained speeds can be attributed to differences in body shape and ﬁn position, features that affect their ability to generate power and overcome drag (Webb 1984, 1995). Adult salmonids, with their fusiform bodies and medially positioned pelvic ﬁns, can attain high sustained swimming speeds. These reach 178 cm s–1 in sockeye salmon, 138 cm s–1 in brown trout (Salmo trutta) and 122 cm s–1 in brook trout (Salvelinus fontinalis). In adult ﬁshes with more laterally compressed body shapes and anteriorly positioned pelvic ﬁns they are lower (e.g. 118 cm s–1 in smallmouth bass (Micropterus dolomieu) and 67.9 cm s–1 in walleye (Stizostedium vitreum)) (Brett & Glass 1973; Peake et al. 1997, 2000; Bunt et al. 1999). Maximum sustained swimming speeds are governed by water temperature. Fish body temperature is usually the same as surrounding water temperature, and standard metabolism (the energetic costs of respiration) increases exponentially with increasing water temperature. Maximum sustained swimming speeds also increase with increasing temperature, peak at a temperature speciﬁc for species and size, and decline with further increases in temperature. Thus, the temperature where sustained speeds are maximal may be different, even for closely related species (Brett 1995). Temperature also affects prolonged swimming speeds, the transition speeds that involve both aerobic and anaerobic metabolism. Provided that temperatures are within a species’ thermal tolerance, warmer temperatures permit higher speeds before fatigue ensues (Brett 1967; Mesa & Olson 1993). Although larger ﬁsh swim faster than small
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 ﬁsh and may exhibit higher prolonged speeds, in relation to their size, larger ﬁsh tend to fatigue at slower speeds than small ﬁsh (Brett 1967; Mesa & Olson 1993). Fatigue velocities (c. 15–65 cm s–1) of young ﬂannelmouth suckers (Catostomus latipennis) increased with temperature and ﬁsh size over a tested range of 10–20ºC and 25–115 mm total length (Ward et al. 2002). Maximum burst speeds are periodic high acceleration sprints and last for only a few seconds. Bainbridge (1958) was the ﬁrst to rigorously examine ‘voluntary’ burst swimming. He quantiﬁed adult sprint speeds for dace (Leuciscus leuciscus; 220 cm s–1), trout (Salmo irideus; 330 cm s–1) and goldﬁsh (Carassius auratus; 88 cm s–1). Relative to their body size, dace and trout can reach burst speeds of 10–12 L s–1 and goldﬁsh 8–10 L s–1. Webb (1995) predicted that adult salmonids could sprint at speeds up to 10 L s–1, and juveniles up to 25 L s–1. Adult sockeye salmon migrating upstream have been observed by telemetry to regularly attain speeds of over 9 L s–1 and occasionally up to 12 L s–1 (Fig. 7.1) (Hinch et al. 2002). However, sprint speeds remain inadequately studied for
 
 Fig. 7.1 Plots of instantaneous swimming speeds (upper two panels), estimated from EMG transmitters surgically implanted into main swimming muscles, for an adult pink and sockeye salmon to pass through a 400-m reach in the Fraser River canyon (lower panel). Speeds are given in absolute (m sec–1) and relative (body lengths sec–1) measures. The horizontal lines on upper two panels indicate transition zones between low-cost aerobic metabolism and high-cost anaerobic metabolism. This reach contains four islands, white water rapids and multidirectional currents. The lines on the reach diagram (lower panel) represent the upstream trajectory of a pink (broken) and a sockeye (solid) salmon through the reach. Arrowheads indicate direction of ﬁsh migration. Additional details in Hinch et al. (2002).
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 most species, despite their importance for understanding migration energetics and passage success. Temperature does not seem to affect maximum burst swimming speeds in ﬁsh (Peake et al. 2000), but more research is needed.
 
 Behavioural tactics Physiological capabilities set the stage upon which swimming behaviour acts. This is particularly evident in spawning migrations of salmon, although ﬁeld studies linking adult ﬁsh migration tactics, swimming abilities and energetics have focused on only a few stocks of salmonids. Energy must be conserved for gamete production, development of secondary sexual characteristics, and spawning activities. Where spawning migrations are energetically expensive (e.g. high water temperatures and high water velocities) and with cessation of feeding (as generally occurs in upstream migrating salmonid adults), energy conservation should be under strong natural selection. These adult migrants should be energy-efﬁcient wherever possible. There are several behavioural tactics that migrants could use to conserve energy. The limited ﬁeld studies suggest that adults may invoke most of these, and switch among them depending on local conditions. Migrants could swim in low speed or reverse-ﬂow current paths (Hinch & Rand 2000) or, where possible, utilize upstream tidal transport (Levy & Cadenhead 1995). In these instances, migrants use sustained speeds and avoid burst swimming. This is a predominant tactic used by adult pink salmon (O. gorbuscha) (Fig. 7.1) (Hinch et al. 2002). Paradoxically, under some circumstances, burst swimming can be energetically efﬁcient if alternated with coasting. Such ‘burst-then-coast’ swimming could be up to 60% more efﬁcient than swimming at sustained speeds (Weihs 1974). Sockeye salmon appear to occasionally invoke this behaviour (Fig. 7.1) (Hinch et al. 2002). Another tactic to save energy is to swim in conﬁgurations, such as schools, which enable ﬁsh to receive locomotory beneﬁts from conspeciﬁcs via a reduction in incident water velocity (Weihs 1975). A ﬁnal tactic for conserving energy involves steady swimming at sustained speeds, but speeds that are constantly being adjusted to minimize the total energy expended in moving mass through unit distance. Termed swimming at hydrodynamically (Weihs 1973) or metabolically ‘optimal speeds’ (Ware 1975), this behaviour has recently been documented in migrating salmon, but seems prevalent only at sites where the current speeds encountered are relatively slow ( chum> pink> sockeye (Jensen & Alderdice 1989). Chinook salmon eggs exhibited maximum sensitivity to pressure, from passage of jet boats, at about 9 days of age (Sutherland & Ogle 1975). Jensen (2002) developed formulae to convert drop height shock into units applicable to such forms of shock as those caused by blasting. Blasting is not permitted near reproducing ﬁsh in Canada; however, it is a logging road construction activity that may occur in some parts of the world. In summary, while mechanical shock effects from forestry have not been studied directly, the above literature suggests that they should be considered in the assessment of potential impacts.
 
 Reproductive diversity A complex of ecosystem features inﬂuences the distribution and survival of ﬁsh populations. These features include gross characteristics of the areas chosen for reproduction, and they also include the site-speciﬁc habitat features. There is an array of patterns of reproduction related to migration routes, spawning habitat features and larval rearing habitat. Reproduction takes place in lakes and river systems distributed over six continents from polar regions to the equator. The systems used range from a few hundred
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 hectares to thousands of km2. Spawning occurs in environments ranging from those with extreme seasonal temperature and light variation, at high latitudes, to those with relatively uniform seasonal temperatures and photoperiods near the equator. Reproduction takes place in stream systems of all sizes. It occurs in systems with and without well-developed estuaries, and those with or without seasonal ﬂood pulses (Fig. 8.1). Given the antiquity of ﬁshes and the diversity of environments they occupy, it is not surprising that a great array of patterns of reproduction have evolved (Breder & Rosen 1966; Balon 1975; Munro 1990b).
 
 Fecundity Fecundity, the number of eggs in the ovaries of a ﬁsh, is a common measure of reproductive potential (Moyle & Cech 1988). The numbers and sizes of eggs produced vary among and within freshwater species. A 100-cm chinook salmon (Oncorhynchus tshawytscha) may produce about 13,600 eggs, while an 85-cm common carp (Cyprinus carpio) can produce approximately 2.2 million (Scott & Crossman 1973). The number of eggs increases with length within a species, and total egg count can vary >10-fold (Blaxter 1969).
 
 Fig. 8.1 Schematic outlines of large and small drainages, with potential locations of tributaries, lakes and ﬂood-pulse areas indicated. Dashed line up the centre of each divides it to indicate systems with and without ﬂood pulses. Terrestrial estuary area is dotted in, and an upper limit of tidal inﬂuence is indicated. Lakes may occur in any part of the drainage including the ﬂoodpulse zone. Systems may occur in a range of conditions, from full seasonal ﬂood pulse to none, and a range of sizes from					    
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