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Introduction 
Freshwater studies at the global scale 
extend spatially beyond the reach of 
manipulative experiments, and so much 
must be inferred from observation.  The 
challenges inherent to understanding 
causal mechanisms already within natural 
systems are compounded today by the 
myriad anthropogenic impacts on 
freshwater systems.  However, by casting 
a broad enough net via the global scale, 
emergent patterns can be viewed with 
more confidence than the same patterns at 
a smaller scale.  This thesis examines 
some of the many ways in which dams and 
reservoirs affect ecology and hydrology 
around the world, with particular emphasis 
on the common denominators versus 
unique cases.  The increasing number of 
publications relating dams and ecology (a 
linear increase from one paper in 1975 to 
48 papers in 2006 on Web of Science) 
suggests that more questions continue to 
emerge than are being answered.  
Although difficult or even impossible to 
identify exact causal mechanisms related 
to dams and ecohydrologic impacts, 
certain patterns do present themselves 
which leave little doubt as to the 
significant role dams and reservoirs play 
in altering the riverine landscapes. 

Dam history 
Dams and reservoirs (hereafter of which 
tandem presence is implied by mention of 
either one, except where indicated) have 
been built for centuries to meet energy, 
irrigation, transportation, security, and 
consumption needs.  They vary from small 
weirs and low run-of-river structures with 
negligible storage, to large reservoirs 
capable of retaining up to 40 km3 of water 
which displace millions of people (e.g., 
Three Gorges Reservoir in China; WCD 
2000).  Records indicate that dams were 
first built in Jordan around 4000 BCE.  
The earliest known remains, of the Sadd 
El-Kafara earthen dam in Egypt, are dated 
to 2600 BC (Schnitter 1994).  Romans 
built the first concrete and mortar dams 
around 100 AD, followed by arch dam 
construction in Mesopotamia circa 1280 
AD.  By the 1600s, the Spanish were 

leaders in dam construction, and they 
brought the knowledge with them to the 
New World, a milestone in the global 
spread of river regulation.  Dam 
construction reached a peak rate in the 
latter half of the 20th century.  Currently 
figures indicate that 50,000 large dams 
(>15 m tall) abound globally (WCD 2000; 
Scudder 2005).  In addition to 6,356 such 
large dams, the USA has about 68,844 
more dams over 1.83 m tall (IEA 2007).  
A reported count of 2,000,000 dams of 
varying size for all of North America 
(Graf 1999) illustrates the current 
widespread distribution of dams large and 
small.  
 The drivers of dam and reservoir 
construction are obvious, including 
hydropower, irrigation, human 
consumption, flood protection, navigation 
and industry.  These benefits are tied to the 
positive correlation between dam 
construction and economic development 
found at basin, regional and national scales 
(WCD 2000; I).  However, foreign 
funding for dam development in third 
world nations is growing, changing causal 
relationships between dams and economic 
growth in many cases.  An additional form 
of economic motiviation involves inter-
basin and international exchange of dam 
benefits, as seen in the export of northern 
Canadian hydropower to the US, and the 
planned trade of energy between Myanmar 
and Thailand from the Tsang dam on the 
Salween (Salween Watch 2007).  Despite 
the described parallels with economic 
growth, many people suffer due to dam 
construction.  Global recognition of 
adverse human impacts related to dam 
development was formalized with the 
World Health Organization’s report to the 
World Commission on Dams (WCD 
2000), in which the human health issues 
were articulated as six classes:  
communicable diseases, non-
communicable diseases, injury, 
malnutrition, psychosocial disorder and 
social well-being.  Common cases include 
displaced peoples who lose traditional 
livelihoods and cultural-spiritual 
connection with native lands, resulting in 
decreased earnings and depression after 
resettlement.  Direct links between dams 
and disease abound.  For example, tropical 
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reservoirs serve as breeding grounds for 
the insects which carry diseases such as 
malaria, schistosomiasis, and river 
blindness.  The organic compounds 
released from decaying algae in eutrophic 
reservoirs can lead to carcinogens in the 
human water supply (Joyce 1997).  In the 
end, the number of people adversely 
affected by dams can often supercede the 
number that benefit from flood protection 
or energy production provided by the dam 
(WCD 2000). 

Overview of physical and ecological 
effects of dams 
Dams alter streamflow and sediment 
transport regimes, leading to numerous 
physical and ecological impacts which 
affect each aquatic trophic level as well as 
riparian and upland ecosystems (Pringle et 
al. 2000; Freeman 2006; Dudgeon et al. 
2006).  Reservoir inundation destroys 
terrestrial ecosystems and changes 
turbulent reaches into lentic habitat.  
Regulation by dams homogenizes flows 
and dampens the natural variations in 
fluvial disturbance and stream processes 
that are critical for generation and 
maintenance of biodiversity, having 
contributed significantly to biotic 
homogenization in some regions (Rahel 
2000).  Greenhouse gas emissions (e.g., 
methane) rise from reservoirs, representing 
at least 4% of human-induced global 
warming (Lima et al. 2007).  Downstream 
flow alteration drains floodplain wetlands, 
reduces floodplain productivity and 
decreases dynamism of deltas (Arthington 
and Welcomme 1995; Poff et al. 1997; 
Tockner and Stanford 2002).  Organism 
migration is obstructed by dams across 
channels, fish migration is impeded, 
habitats are fragmented, and overall 
transportation of riverine resources is 
reduced (Chang et al. 1999; Dudgeon 
2000; Roberts 2001; Gehrke et al. 2002).   
 By decreasing sediment transport 
through a system, dams reduce the habitat-
forming substrate available for critical life 
stages such as fish nesting and refuge 
(Černý et al. 2003).  The quality of 
spawning or feeding grounds is often 
degraded by changes in sediment 
transport, which can lead to senescence 

prior to reproduction (Kruk and Penczak 
2003; McLaughlin et al. 2006; Ruban 
1997; Wei et al. 1997).  Reaching beyond 
freshwater systems, trapping of sediments 
in reservoirs reduces the sediments 
delivered to seas, affecting estuarine and 
marine communities (Syvitski et al. 2005; 
Baisre and Arboleya 2006). Many river 
deltas are sinking due to reduced sediment 
delivery, increasing their vulnerability to 
natural disturbance.  The consequences of 
this can be lethal to the people dependent 
upon the them, such as the some 1,500 
people killed in 2005 as a result of the 
Mississippi River delta’s inability to 
withstand floods related to Hurricane 
Katrina (Day et al. 2007). 

Dams and freshwater biodiversity  
The effects of flow alteration by dams 
constitute one of the four strongest threats 
to freshwater biodiversity, the other three 
being pollution, basin alteration (other 
than dams) and overharvesting (Dudgeon 
2000).  Biotic homogenization, or loss of 
species diversity, can be initiated or 
accelerated by the dampening of natural 
flow variability affected by dam operation, 
providing conditions conducive to 
generalist invasion or insuitable for native 
or endemic species (Rahel 2000).  
Constituting only 0.01% of the world’s 
water, and just under 1% of the earth’s 
surface, freshwater hosts over 6% of the 
world’s species (Dudgeon et al. 2006), and 
over 40% of the world’s fishes (Lundberg 
et al. 2000).  The sustainability of this 
freshwater biodiversity is critical not only 
for humans (i.e., food resources), but also 
for maintenance of many ecosystem 
functions.  For example, Pacific salmon 
(Onchorynchus spp.), an important 
resource for humans, also can contribute 
up to 39% of nitrogen influx to riparian 
forests, integral to food chains and 
increasing vegetative growth (Helfield and 
Naiman 2006).  Gizzard shad (Dorosoma 
cepedianum) feed on sediment detritus and 
excrete sediment-derived nutrients to 
phytoplankton, increasing primary 
production substantially above the level 
provided by inputs from the catchment 
(Vanni et al. 2006).  Despite such 
examples of the importance of freshwater 
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species, global losses exceed those of most 
terrestrial systems (Sala et al. 2000; Mace 
et al. 2005).  Freshwater systems are 
particularly vulnerable to biodiversity 
decline for several reasons, including the 
fact that many freshwater species are yet 
unidentified and thus unable to receive 
regulatory protection.  More functionally, 
rivers are both receivers and distributors of 
stressors from throughout the entire 
catchment, their hydrologic connectivity 
and dendritic patterns opening pathways 
for stress delivery to otherwise isolated 
biota.  The some 50% decline over the last 
30 years in freshwater species (excluding 
birds; WWF 2005) demands global 
attention, not least of all during the impact 
assessments for proposed dams.   

Dams and global change 
Global change presents an additional suite 
of variables to consider when assessing the 
impacts of dams on ecosystems and people 
(III).  Urbanization, population growth 
and rapid climate shifts can all increase 
demand for more water storage and flood 
control, promoting new dam construction.  
In areas expected to gain water due to 
climate change, existing dams may reach 
their life span more quickly due to 
increasing erosion, rapidly filling 
reservoirs with sediments and increasing 
the risk of dam breaches or failure.  In 
cases of less water, the habitat fragmenting 
effect of dams will be exacerbated as 
hydrologic connectivity is further reduced, 
both by decreases in runoff as well as 
increases in per unit water demand.  
Additionally, evaporation rates from 
reservoirs in these drying regions will 
increase, water temperatures will rise and 
water quality become degraded.  Many of 
the potential changes will not only be 
harmful to ecosystems and human 
societies but also costly to deal with, both 
socially and economically.  It has become 
clear that changes in runoff and water 
stress due to climate change, urbanization 
and population growth will require 
reactive or proactive management 
interventions far more so for dam-
impacted basins than for basins with free-
flowing rivers (II).    

Objectives 
The broad aim of this thesis is to improve 
our understanding of how dams and 
reservoirs impact freshwater systems 
worldwide.  Assessment at the global scale 
allows for identification of widespread 
effects, effects which manifest only 
regionally, and locally unique situations.  
The main objectives of the thesis can be 
summarized by the following questions: 
 
• How much water is being regulated by 

dams and reservoirs, and how is this 
flow regulation distributed globally? 
(I) 

• To what extent are river systems 
fragmented by dams, and how is this 
fragmentation distributed globally? (I, 
III) 

• How are dam impacts distributed 
biogeographically? (I, III)  Which are 
the biogeographic regions and taxa 
most threatened by dam impacts? (III) 

• How can climate change and dams be 
expected to interact in basins, and 
what management actions would 
mitigate adverse interactions? (II) 

Methods 
All three papers required synthesis of 
georeferenced data on dams and reservoirs 
with a global hydrography.  Additional 
datasets, such as biological or climate, 
were subsequently employed to address 
the specific objectives.  A large proportion 
of the data collection involved in 
determining the existence, location and 
attributes of dams and reservoirs depended 
upon printed maps, correspondence with 
dam-related officials worldwide, and 
internet research.  Although the raw data 
were not often digital, it was imperative to 
digitally georeference data in order to run 
global analyses, to produce illustrative 
results, and for consistency.  Detailed 
descriptions of the methods specific to 
each paper can be found therein.  The 
following discussion focuses on methods 
and methodological issues which are 
relevant to the entire dissertation, or which 
were omitted from the individual papers. 
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Quantifying dam impacts 
Global assessment of flow regulation and 
channel fragmentation underlies all results 
presented in the three papers.  
Quantification of the degree of 
fragmentation among large river systems 
(LRSs; I) was primarily based on the 
longest segment of mainstem channel that 
remained without dams (Figure 2).  This 
metric reflects spatial distribution rather 
than simple density, and means that the 
degree of fragmentation for a LRS with 
many small headwater dams would be less 
than for a LRS with a single large dam 
located in the middle of the mainstem.  
For freshwater ecoregions (III), we 
modified the metric to address the fact that 
ecoregions could encompass many 
catchments, or a small portion of a single 
catchment, and thus mainstem 
identification becomes irrelevant.  (We 
refer to fragmentation as “obstruction” 
throughout Paper III in order to highlight 
the effect dams have on migration and 
dispersal of fishes and their resources.)  
The ecoregional fragmentation metric 
consists of the average proportion of 
undammed distance among the five 
longest watercourses (i.e., connected 
freshwater pathways, including lakes) in 
each ecoregion.  We chose this metric in 

lieu of simple ecoregional dam density 
because the latter does not address the 
degree to which riverine biota’s range of 
migration within an ecoregion is 
minimized by dams (dam density per 
ecoregion explains less than 50% of the 
variability in proportional free-flowing 
distances).  As every channel in the world 
could not be assessed for time, we limited 
our averaging to the five longest 
watercourses within an ecoregion, with the 
reasoning that obstruction affecting the 
majority of the riverine biota would be 
captured, as species richness typically 
increases with river size (Xenopolous et al. 
2005; Figure 3).   
 Although we quantified the degree 
of fragmentation differently when 
assessing LRSs versus freshwater 
ecoregions, the method of measuring 
fragmentation along a given channel 
remained the same.  We considered all 
dams except low weirs to fragment rivers, 
and we measured proportions of channel 
that were without dams (but that 
frequently included reservoir water tables).  
We used both manual and digital 
techniques, the former consisting of laying 
a thin string along the river on a printed 
map.  River channels drawn on the map 
(Times Books 1997) are derived from 
multiple fine-resolution sources (e.g., 
surveys, aerial photos) and are thought to 
provide a more realistic depiction of 
hydrography than those modeled in GIS.  
Nevertheless, it was necessary to measure 
fragmentation within GIS for limited cases 
in which a dam accurately depicted 
digitally could not be located on the 
printed map.  A comparison of the two 
methods on a random sampling of cases 
showed negligible difference.  

A BA B

 Flow regulation was assessed for 
LRSs, but not for ecoregions as they are 
not hydrologically defined.  We compared 
summed reservoir storage within an LRS 
(Figure 2) to the LRS’s pre-regulation 
mean annual discharge.  When summing 
reservoir storage, we considered live 
versus gross capacity.  The gross capacity 
is the total water volume that can be 
retained by a dam, including the bottom 
water that cannot be released through the 
lowest outlet.  Live storage is the gross 
capacity excluding this bottom water.  

Figure 2.  Two patterns of dam distribution for 
the same basin.  For paper I, the measure of 
fragmentation within each basin depends 
largely on the longest free-flowing proportion 
of mainstem.  Case A is thus less fragmented 
than case B, despite a greater number of dams 
present.  Flow regulation describes the ratio of 
summed storage of all reservoirs in the basin, 
regardless of position, to “virgin” (i.e., pre-
regulation) mean annual discharge of the basin.  
For example, flow regulation in case B may 
exceed that of case A if the one mainstem 
reservoir is larger than the headwater reservoirs 
combined.  
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When data on live storage were lacking, 
we used half of the gross capacity as a 
substitute, which proved a conservative 
value when checked using reservoirs with 
both values provided. 
 Channel fragmentation and flow 
regulation were synthesized following 
Dynesius and Nilsson (1994) to classify 
LRSs as either not affected, moderately or 
strongly affected by dams (I).  This 
integrated metric of impact was used in 
spatial analyses related to terrestrial 
biogeography and economics (I), as well 
as serving as the sole dam-related variable 
when addressing the interaction of climate 
change and dams (II).  The impact metric, 
spatially bound by catchments, was not 
used in analyses related to freshwater 
ecoregions (III). 

Underlying hydrologic data sources 
Reliable discharge data were necessary to 
determine pre-regulation mean annual 
discharge of LRSs, a minimum threshold 
of which was set at 350 m3/s (following 
Dynesius and Nilsson 1994) for inclusion 
in the study (I).  While these data were 
available for many regions via texts, 
correspondence or Internet resources, they 
were unavailable for several undeveloped 
nations.  Insufficient and/or unreliable 
discharge data prevented identification of 
LRSs primarily in Indonesia and Malaysia, 
leading to the exclusion of these regions 
from flow regulation analysis. 

A

B

A

B

 
Figure 3.  Differing distribution patterns of 
dams and watercourse lengths for two 
ecoregions: “A” matches a basin delineation, 
whereas “B” encompasses several coastal 
basins.  Although the fragmentation metric for 
“A” will be biased by the disproportionately 
long mainstem, obstruction affecting the 
majority of the riverine biota would still be 
captured, as species richness typically increases 
with river size.  The fragmentation metric for 
“B” will indicate an average free-flowing 
proportion of the ecoregion’s watercourses to 
be 100%, since none of the five longest 
watercourses are dammed.  This also captures 
how obstruction in the ecoregion affects the 
majority of riverine biota, despite presence of 
dams on shorter watercourses. 

 We developed the bulk of our 
digital, georeferenced global database of 
dams and reservoirs during the data 
collection for assessment of LRSs (see I 
for data sources), but continued to add and 
validate data during fragmentation 
analysis among freshwater ecoregions 
(III), many of which do not fall within 
LRSs.  The external datasets upon which 
we relied heavily as we continued to 
develop and refine our own database were 
provided by varying international groups 
(Table 1), as well as updated versions of 
the World Register of Dams (ICOLD 
2003).  Overall, data on dams and 
reservoirs for developed nations typically 
proved to be comprehensive and readily 
available.  For example, the US Army 
Corps of Engineers has provided a 

digitally georeferenced dataset of some 79 
000 US dams and weirs for free download 
over the Internet (this link is now dead for 
perceived security reasons).  Several other 
governments and hydropower companies, 
however, either retain dam locations and 
attributal data as confidential, or have not 
synthesized or made readily available 
existing data to the research community 
for lack of resources.  These obstacles 
manifested not only during our own data 
searches, but also for most of the external 
datasets we consulted (Table 1).  Data for 
small islands, Middle Eastern nations, and 
the Amazonian region were particularly 
limited.  In the end, fragmentation by 
dams was only assessible for 397 of the 
448 freshwater ecoregions of the world 
due to insufficient data.  (Lack of 
discharge data, rather than dam data, was 
the primary cause to exclude study sites in 
the LRS analysis; I.)   
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Table 1:  Primary dam and reservoir data sources, beyond those cited in Paper I. 

Database Reference 
Spatial 
Extent Comments 

UN Food and Agrigulture Organization 
Georeferenced Database of African Dams FAO 2001 Africa Comprehensive for region. 

US National Inventory of Dams 
US EPA 
1998 USA Comprehensive for region. 

Global Lakes and Wetlands Database 
Lehner and 
Döll 2004 Global 

Excludes reservoirs too small 
for satellite detection. 

University of New Hampshire, Water 
Systems Analysis Group 

Vörösmarty 
et al. 2003 Global 

Reservoirs with storage >0.5 
km3. 

University of Yamanashi 
Magome et 
al. 2006 Global 

Most comprehensive and 
accurate of global datasets. 

University of Greifswald Rödel 2006 Global 
Incomplete georeferenced data 
from ICOLD. 

ESRI ESRI 2002 Global 
Incomplete; largely dependent 
on Vörösmarty et al. 1997. 

New Zealand Government 
McKerchar 
2006 

New 
Zealand Comprehensive for region. 

World Wildlife Fund Canada Morgan 2006 Canada Incomplete. 
  

 Beyond a simple lack of data, 
several challenges emerged when working 
with raw dam and reservoir data of 
varying origin.  Cartographic challenges 
presented themselves in the numerous and 
often obscure projections and 
transformations of raw digital data.  When 
these challenges were resolved, 
harmonization of the datasets proved a 
further task, involving removal of errors, 
duplicates, and validation of dam 
attributes, many of which differed 
significantly among the various data 
sources.  An effort to develop a master 
global database on dams and reservoirs, 
incorporating the database produced 
during this research, as well as the external 
datasets listed in Table 1, is currently 
underway and is discussed later in this 
dissertation under “Looking forward”.  
 Global hydrographies, or 
mappings of freshwater drainage systems, 
are only as spatially resolute as the 
underlying digital elevation models 
(DEMs).  Our delineation of LRSs often 
differs from the boundaries output by 
models because we consider two LRSs 
connected by any natural freshwater, such 
as wetlands or natural connections like 
that which links the Amazon to the 

(following Dynesius and Nilsson 1
Our definition is based on the ability of 
freshwater biota to migrate, one of the 
riverine features most impacted by dam
and reservoirs.  As such, we chose to 
modify a predominant global hydrogra
(Fekete et al. 1999) when answering 
questions related to flow regulation an
channel fragmentation among LRSs (I).  
Data on dams and reservoirs were then 
digitally georeferenced and linked to the
modified hydrography.  We used this sam
hydrography in some instances for 
fragmentation analysis at the ecoreg
scale (III), but our dependence on a digita
hydrography was minimal because we did 
not run hydrologic analyses at this scale.  
When moving on to the climate change 
questions (II), we synthesized our dam 
and reservoir data with outputs of the 
WaterGAP model, thus employing tha
model’s underlying hydrography (Döll a
Lehner 2002).    

Orinoco, to constitute one system 

994).  
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Underlying biological data 
graphic 

d so 

rine 

There were no freshwater biogeo
data at the global scale when we were 
assessing dam impact among LRSs, an
we instead assessed biogeographic 
distribution of impact using non-ma
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biomes, also referred to as terrestrial 
ecoregions (I; Olson et al. 2001).  We
overlaid the two spatial datasets and 
calculated the overlapping extent of d
impact on each terrestrial ecoregion.  
Although freshwater data had been 
preferred, global examination of dam
impact among terrestrial ecoregions do
constitute a worthwhile tool for macro-
ecological predictions related to dams.  
 Freshwater ecoregions were 
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subsequently delineated by World Wildlife 
Fund (WWF) and The Nature 
Conservancy (TNC; Abell et a
submitted) and underpin analyses
results presented in Paper III.  Freshwa
ecoregions are defined as large areas of 
freshwater that contain a geographically 
distinct assemblage of natural 
communities that (a) share a la
of their species and ecological dynamics; 
(b) share similar environmental 
conditions, and; (c) interact ecolo
ways that are critical for their long-term 
persistence.  This means that freshwater 
ecoregions may align with river basin 
boundaries in some cases, but often 
encompass multiple basins or biologi
distinct portions of basins (Figure 3). Data 
on fish diversity, upon which the 
ecoregions are defined, were assem
regional ichthyological experts, and 
although these numbers are intended 
include present species only, they may 
include extirpated and even extinct 
species.  As well, the data do not add
intra-species variation, thus limiting both 
the spatial and taxonomic resolution of 
predictions related to dams and specific 
fish populations. 

regulation of the world’s larg
systems 
We sough
scale and cumulative effects of dams by 
describing their global distribution and th
degree to which they fragment channels 
and modify flow.  We limited our study t
LRSs with a pre-regulation mean annual 
discharge greater than 350 m3/s, 
necessitating collection of extens

discharge data.  Following this, we 
calculated the degree to which the 
mainstem and tributaries in each LR
were fragmented by dams, and the 
proportion of discharge that could b
summarily stored behind reservoirs wi
each LRS (i.e. flow regulation).  These 
metrics were then synthesized in order t
classify LRSs as either not affected, 
moderately affected or strongly affec
by dams. 
 Th
which reservoir storage exceeds the ann
discharge:  Manicougan, Colorado, Volta, 
Tigris-Euphrates, Mae Khlong and Rio 
Negro.  This flow regulation is greater 
than 50% for an additional 14 LRSs.  
Several of these highly regulated river
longer reach the sea year round, like the 
Colorado in the United States, Nile in 
Egypt and Yellow river in China.  At th
other end of the spectrum, flow regulation
in the Amazon-Orinoco was reported to be 
3%.  Flow regulation does not exceed 
100% in any European or Australasian 
large basin.   
 Abou
LRSs remain unfragmented by dams on 
the main channel, and just less (102 
systems) remain unfragmented on bo
main stem and major tributaries.  While 
North and Central America have the 
greatest number of unfragmented LRS
remaining (35), the continental proportio
of large rivers that remain free-flowing is 
greatest in Australasia (74%).  There are 
12 LRSs distributed in Europe and the 
United States which have <25% of the 
main channel length remaining free-
flowing.    
 Ov
LRSs are either moderately or strongly 
impacted by dams.  When discharge and
catchment area are considered, the 
proportions of impacted rivers are 8
and 88%, respectively, revealing that mo
unaffected rivers are comparatively small.  
When comparing continents, Europe has 
the highest proportion of strongly 
impacted rivers whereas Australia,
including New Zealand and Papua N
Guinea, has the largest proportion of free
flowing rivers.  
 The biog
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id ing landscapes at risk of ecologica
degradation due to dams.  Results 
that ten of the world’s sixteen terrestrial 
ecoregions consist predominantly of dam-
impacted basin area.  The eight most 
biogeographically diverse systems are all 
moderately or strongly impacted by da
In these systems, the impacts of dams are 
more widespread than in less diverse 
systems, because more ecotones are 
affected by fragmentation.  The terres
ecoregions with greatest proportion o
unaffected rivers are tundra and boreal 
forest.  Unfortunately fragmentation an
regulation data were lacking for some o
the world’s biodiversity “hotspots”, such 
as Malaysia and Indonesia, precluding the 
inclusion of those regions in the study. 
 We also considered the additional 
effects of irrigation on flow, and found 
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that irrigation pressure correlates 
positively with dam impact.  And when 
examined links between dams and
economics, we found about 25 times as 
much economic activity (basin per c
per unit of water in impacted LRSs as in
those unaffected.  The few LRSs that defy 
this economic trend are in places such as 
northern Canada, where dams were built in 
sparsely populated areas for the export of 
electricity and/or water. 
 As demands on water resources 
increase, this study’s resu
address the ecological risks associated 
with further impacts on LRSs.  For 
example, in free-flowing rivers, 
biodiversity can persist because orga
dispersal can be effective in both
and downstream directions, and many 
organisms are likely to adapt to climate 
change by concomitant shifts in 
distributions.  But in fragmented and 
regulated rivers, such dispersal ca
strongly limited.  These facts need to b
accounted for in global planning for 
sustainable river management.  

(II) Climate change and the

management options 
In this paper we modeled disch
2050s among the world’s
projected climate change and water needs, 
and synthesized these forecasts with ou

data on dam impact.  Through this 
synthetic analysis we identified LRSs tha
are either “likely” or “almost certain
require management action in order to 
minimize risks to ecosystems and people.
Finally, we employed a restoration 
classification scheme to suggest relevant 
proactive and reactive management 
actions.   
 Areas of LRSs likely to requ
some form
a  to approximately 300,000 km2 fo
basins with no dam impacts, and 10 
million km2 for dam-impacted basins 
(representing < 1% and 13% of the 
world’s LRS area, respectively), and co
to represent 7% of the entire world’s area 
when summed.  Dam-impacted examples 
in this class include subbasins of the 
Tigris-Euphrates and Ganges, the Syr-
Darya and the Murray-Darling.  The 
amount of LRS area almost certain to 
require management intervention of s
form amounts to approximately 700,00
km2 for basins unimpacted by dams, and 5 
million km2 for dam-impacted basins 
(representing 1% and 6.8% of the world’s 
large river basin area, respectively), an
come to represent 4.2% of the entire 
world’s area when summed.  The most 
prominent dam-impacted example in 
class is the Nile, with additional exampl
including the Parnaiba, Indus, Cauvery 
subbasins of the Ganges-Brahmaputra and 
Tigris-Euphrates, and parts of the 
Colorado, Sacramento and Columbia 
rivers.   
 Our results reiterate conclusio
presented
2  suggesting that increasing water 
demand related to economic and 
population growth may dominate the 
effects of climate change on overa
availability in many cases.  For examp
although the Ganges-Brahmaputra system 
is expected to experience increases in 
combined surface runoff and groundwater 
recharge, withdrawals will sharply tax 
even exceed this amount in many Ganges 
sub-basins and surrounding the mouth of 
the system.  On the contrary, despite large 
decreases in runoff in the Amazon, 
withdrawals will remain low enough to 
prevent significant increases in wate
stress. 
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at 
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im d by dams or by extensive 
development will experience larger 
changes in discharge and water stress t
unimpacted, free-flowing rivers.  Ne
one billion people live today in the areas 
likely to require action and approximately
365 million people live in basins almost 
certain to require action.  Since ecological 
and societal costs may be significant, 
strategies for coping with expected 
problems are worth pursuing and we o
a number of examples of such strate
that many natural resource managers are 
already encouraging.  Proactive efforts 
taken now will minimize risks to 
ecosystems and people and may be less 
costly than reactive efforts taken o
problems arise.  

(III) Dam obstr

implications for global freshwater
fish diversity 
This paper stems from a tri-party 
collaboration be
TNC and WWF.  The goal was to 
threat indicators based on the obstruction 
of fish migration and resource dispersal 
for each freshwater ecoregion of the 
world.  We approached this by considering 
ecoregional fragmentation by dams in
similar fashion as we did for LRSs (I), 
integrated with the fish distribution data 
on which the ecoregional delineations a
based.  We identified both ecoregions at 
risk, as well as taxa at risk. 
 About half (215 of 397) of the 
ecoregions assessed are only
obstructed by dams, averaging greater t
90% undammed river length.  Obstructed
ecoregions  with less than <90% free-
flowing river length dominate North 
America and Europe, and large parts o
Asia.  While the humid Amazonian 
ecoregions present exceptions, negligibly
obstructed ecoregions tend to be foun
arid parts of the world (e.g., central Asia, 
northern Africa, Australia, tundra of North
America).   
 We developed criteria for 
determining 

obstruction.  These criteria consist 
combination of a high degree of 
fragmentation by dams (average free-
flowing proportion of total watercourse 
distance <50%, and referred to as
obstructed) and any of the following:  (1
high counts of total species, (2) high 
counts of endemic species or (3) high 
counts of fishes with traits particularly 
vulnerable to dams (such as long-dista
migrators).  Several ecoregions represe
at least one of these combinations, 
including the Murray Darling, southern 
Italy, lower and middle Indus, South 
Atlantic, West Korea, Upper Paraná
Mobile Bay, the latter four of which hav
both total and endemic counts above t
global means.  Southern Italy, for 
example, is relatively species poor, but a 
high proportion of those species are 
endemic (43%) or diadromous (39%
meaning that dams constitute a particularl
high threat to those taxa and biodiver
in general in that ecoregion.  
 As a trait particularly vulnerable 
to the effects of dam obstruction, we used 
diadromy as an indicator of a 
vulnerability to dam obstruction.  
Diadromous species of Eel (Anguilla spp.) 
and Shad (Alosa spp.) are particularl
predominant among heavily obstru
ecoregions, with more than three quarters 
of the species cited for each genus 
exhibiting diadromy.  Although 
widespread globally (Anguilla spp. cited in
303 ecoregions), the high proportio
(77%) of diadromous species of Anguill
spp. in heavily obstructed ecoregions (and 
over 20% worldwide) renders them 
particularly vulnerable to dam obstruction.
Lampetra spp. face perhaps greater threat 
in that their distribution is limited to 
ecoregions, ten of which are heavily 
obstructed, and nearly one-third of the 
Lampetra spp. cited in heavily obstructed
ecoregions are diadromous.   
 This paper’s findings suggest th
the least obstructed ecoregions represent 
the largest conservation oppor
th t obstructed ones the largest 
conservation challenges when considering
the threats that dam obstruction pose to 
freshwater fish diversity.  The least 
obstructed ecoregions represent significant 
conservation values, and evaluation 
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criteria such as naturalness, species 
diversity and rarity are among the most 
important.  Although naturally specie
poor ecoregions are also important, 
diversity hotspots are of utmost 
importance for protecting the global 
variety of species.  Biota in the most
heavily obstructed ecoregions are
reasonably under the most immediate
threat because dams are already in pla
We found a lack of high species co
among these ecoregions, which is diffi
to interpret, but may be the result of 
species loss due to dam or other impacts
on freshwater systems. 

Conclusions 
The main conclusions of
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ams ha

s 

 
• Most of the w

river systems, the majority of which

altered by dams.  Exceptions to this 
tend to lie in regions inhospitable to 
hydropower development, such as 
northern tundra, or in the least 
economically active regions.   
The biogeographic distribution of d
impact is widespread, both at 
terrestrial and freshwater scales
representing significant threat to 
global biodiversity.  Relatively
species-poor tundra is the world’s
terrestrial ecoregion which remain
predominantly unaffected by dam
Nearly half of the world’s freshwater 
ecoregions are internally fragmented
by dams, and ecoregional distinctions
may be artifically imposed by dams in
many cases.  Freshwater ecoregions 
with the highest counts of total and 
endemic species remain relatively 
unobstructed, representing significan
conservation potential. 
Diadromy is one of the few fish tra
indicative of vulnerability to dams for 
which data are sufficien
scale analysis.  Lampreys (Lampetra 
spp.), Eels (Anguilla spp.) and Shad 
(Alosa spp.) are examples of genera 
particularly vulnerable to dams 
because their distributions coincide 
with the most heavily fragmented 
freshwater ecoregions, and a larg

proportion of the coincident species 
for each genera are diadromous. 
Due to changes in discharge and wa
stress, the area of large river basins in
need of management intervention
protect ecosystems or people will be 
much greater for basins impacted by 
dams than for basins with free-flowing
rivers.  Proactive measures  that 
restore the natural capacity of rivers t
buffer climate-change impacts are 
more desirable than reactive actio
since they may also lead to 
environmental benefits such as high
water quality and restored fish 
populations – benefits which
be unattainable. 

oking forwar
A
decreased, an average of
built every day.  In 2004
planned or under construction on 46 of 
world’s largest rivers, with anywhere from
1 to 49 new dams per basin.  Forty of 
these rivers are in nations not belonging to 
the Organization for Economic 
Cooperation and Development (OECD
indicating that future dam development 
does not depend on strong nation
economies.  Almost half of the new dams
are located on just four rivers, i.e., 49 on
the Chang Jiang, 29 on the Rio de la
in South America, 26 on the Shatt Al Arab
in the Middle East, and 25 on the Ganges-
Brahmaputra in south Asia.  New dams are
also planned for several unaffected large 
river systems, including the Jequitinhonha 
in South America, and the Cá, Agusan, 
and Rajang in southeast Asia.  As well, 
China is currently constructing a series of 
large dams on the Salween.  These new 
dams reflect growing populations and 
changing climates which increase demand 
for energy, flood protection or other dam
benefits. 
 At the same time, however, dams 
are being decommissioned at increasing 
rates in se
d ve been removed in the US; Pohl 
2002).  Dam removal is a logical 
management option in cases where dam
are no longer economically viable, they 
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represent a safety risk, or they deg
river ecosystem goods and services, 
including aesthetic and recreation values
(Stanley and Doyle 2002).  For many 
cases, however, dam removal is not a
feasible or optimal option, for example 
when release of polluted sediments 
trapped in reservoirs would reap adver
effects for both the downstream ecosyste
and people living there, or when pol
interest prevents feasibility.   
 Given the current and future 
number of dams globally, it is imperative 
to manage dams optimally for 
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conservation of biodiversity and huma
security.  “Environmental flows” represent 
managed flows that aim to balance hol
ecosystem needs and those of humans by
recognizing that the natural flow regime’s 
key components must be mimicked for 
conservation of freshwater biodiversity 
and sustainability of riverine goods and 
services.  Key flow components for such
consideration include the magnitude, 
frequency, timing, duration, rate of chang
and predictability of flow events (e.g., 
floods and droughts), and the sequenci
of such conditions (Arthington et al. 
2006).  Measured ecological response t
the alterations of the flow components 
forms the scientific basis of environm
flows.  This “balancing” approach to flow
management inherently involves 
compromise, but the end goal is to strike 
the balance which compromises each of 
ecosystem and human needs the le
Environmental flow management 
represents the best path forward for 
minimizing adversity of the widespread
dam impact reported in this dissert
 There are a number of dam-r
research questions calling for continued 
examination at the global scale, including 
but not at all limited to the following: 
 
• Where are the remaining free-flowing 

rivers for conservation?  This resea

ecoregions, but does not consistently 
provide river-scale resolution for 
addressing this question. 
How do dams impact native fisheries 
specifically?  This is particularly 
critical for regions where 

• Where are large-scale functional 
freshwater migration corridors?  T
is not only relevant for for instrea
biota, but also for migrating terrestrial 
or avian species that rely on riveri
resources. 
Which dams or dammed basins are 
most severely impacting coastal 
systems, and how?  Work is being 
done on alt
delivery to coastal waters, but much
remains to be understood regardin
flow alteration’s effects on estuarin
and coastal marine ecosystems. 
Where are priority dams for reparatio
or removal?  Can we use global 
analysis to identify optimal regions, 
basins and specific rivers? 

• What are the dynamic interactions of 
individual people and communiti
with rivers?  How do people both 
influence and become influe
river regulation?  Are there global 
commonalities that can be understoo
to better direct local-scale data 
collection? 

To address the above questions, as 
l as those presented earlier in thi

a
existing data, as well as renewed data 
collection.  The lack of reliable digital
on dams and reservoirs is being remedied
by the collaborative construction of a 
global digitally georeferenced database
be called the Global Reservoirs and Dams 
Database (GRAND) and due for initial 
debut in 2008 (Lehner et al., in 
preparation).  This database will be the 
most comprehensive to date, and the first 
to depict dams and reservoirs separately
(as points and polygons, respecti
both linked to a global hydrography 
(HydroSHEDS; Lehner et al. 2006).  This 
link will allow for unprecedented advanc
in global hydrologic and ecohydrologic 
modeling, providing the ability to int
reservoir storage and climate change in 
flow accumulation models, thus improving 
our knowledge of flow regulation 
worldwide.   
 One of the most important and 
glaring data gaps is the lack of gauged 
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discharge data for rivers in several 
of the world, including some of the 

regions 
most 

is 

 
rves are 

 

ing (I).   

 

 

t 

 
s, 

.  

nd 

ck 

 

 
future 

t 

al support of this research.  The 

 Council 

 
nd 

 the 

venga, M. 
Bryer, M. Kottelat, N. Bogutskaya, B. 

ndrak, S.C. Balderas, W. 
.J. Stiassny, P. Skelton, 

R. 

.  
A 

 
ation.  

All

Ar  N.L. Poff, 
enge 

 
ological 

Ar

Publ., 

Ba ng 

es 

tial 

ichness and 
ges in 

  

Ch

 Zoologica Taiwanica 
10(2): 77-90. 

biodiverse such as Indonesia and 
Malaysia.  During data collection for th
dissertation, I received numerous reports 
that although some rivers in these regions
are gauged, the stage-discharge cu
largely based on two or three data points 
near the mean flow, and so flows falling 
even slightly outside the mean are 
unreliably recorded.  This sort of problem 
is, of course, not isolated to economically
underdeveloped nations, but likely 
represents a larger proportion of the data 
reported for those regions, as wealthier 
nations have more resources available for 
comprehensive streamflow monitor
 Globally comprehensive 
biological data are largely unavailable at
resolutions for use in analysis with dam 
data.  Detailed datasets on freshwater biota 
(e.g., invertebrates, amphibians, birds) do
exist for a limited number of basins or 
regions of the world, but are not sufficien
for global analyses.  WWF and TNC’s 
ecoregional fish diversity data (Abell et al.
submitted) represent an exception to thi
and constitute a welcome new tool for 
global freshwater conservation planning
However, these data are still confounded 
by inaccurate temporal records (e.g., 
extinct species may be cited as extant, a
vice versa), incomplete species 
inventories, and the available data do not 
address intraspecies variations.  The la
of subspecies level knowledge is of 
particular concern for freshwater
biodiversity, as subspecies development 
resulting from isolation of freshwater 
drainages serves to safeguard genetic
diversity, critical for evolution of 
species (Allan and Flecker 1993).  The 
sooner we know which taxa exist, the 
sooner we can incorporate their 
conservation into freshwater managemen
plans. 

Acknowledgements 
I thank Christer Nilsson for his strong and 
continu
research was funded by the following 
sources:  Swedish Research
(Vetenskapsrådet), World Wildlife Fund 
(US), Swedish World Wide Fund for 

Nature, International World Wide Fund
for Nature, The Nature Conservancy a
World Resources Institute.  Office 
resources were generously provided by
Skagit Field Office of The Nature 
Conservancy and Prof. Bob Naiman at 
University of Washington. 
 

References 
bell, R., M. Thieme, C. ReA

Coad, N. Ma
Bussing, M.L
G.R. Allen, P. Unmack, A. Naseka, 
Ng, N. Sindorf, J. Robertson, E. 
Armijo, J.V. Higgins, T.J. Heibel, E. 
Wikrammanayake, D. Olson, H.L. 
Lópex, R. Esser dos Reis, J.G. 
Lundberg, M.H.S. Pérez, P. Petry
Freshwater Ecoregions of the World: 
new map of biogeographic units for
freshwater biodiversity conserv
Submitted to BioScience. 
an, J.D. and A.S. Flecker. 1993. 
Biodiversity conservation in running 
waters. BioScience 43:32-43. 

thington, A.H., S.E. Bunn,
and R.J. Naiman. 2006. The chall
of providing environmental flow rules
to sustain river ecosystems. Ec
Applications 16: 1311-1318. 

thington, A.H. and R. L. Welcomme.  
1995.   in Condition of the World’s 
Aquatic Habitats, N. B. Armantrout, R. 
J. Wolotira Jr., Eds. (Science 
Lebanon, NH, 1995). 
isre, J.A. and Z. Arboleya. 2006. Goi
against the flow: effects on river 
damming in Cuban fisheries. Fisheri
Research 81:283-292. 

Černý, J., G.H. Copp,V. Kováč, R. 
Gozlan, and L. Vilizzi.  2003.  Ini
impact of the Gabčíkovo hydroelectric 
scheme on the species r
composition of 0+ fish assembla
the Slovak flood plain, River Danube.
River Research and Applications 
19:749-766. 
ang, M.H., Y.S. Lin and L.C. Chaung.  
1999.  Effect of Dams on Fish 
Assemblages of the Tachia River, 
Taiwan.  Acta

13 



Day, J.W., D.F. Boesch, E.J. Clairain, G.P.
Kemp, S.B. Laska, W.J. Mitsch
Orth, H. Mashriqui, D.J. Reed, L. 
Shabman, C.A. Simenstad, B.J. 
Streever, R.R. 

 
, K. 

Twilley, C.C. Watson, 

 
nd 

Du

r-

hwater 
atus 

Du
sia: 

Dö tion 

Dy .  

f 

ES s.  2002. Redlands, CA: 

Fek
 

ter 
Report No. 22, GRDC, 

Fo he 
ed 

 
Fre  

 Water 

allowa 
 

Gr

06. 

International Commission On Large 
ms. 
d-

Int .  2007.  

Joy

ations of 
nol. - 

Lehner, B. and P. Döll.  2004.  
 a global 

rvis.  

 Fund 

ydrosheds.cr.usgs.gov. 
d 

Lim
 

” 
 Adaptation Strategies 

-line 

Lu h, 
00. 

: 

Ma
, M., 

, E., Shahid, N., Alkemade, 
., 

J.T. Wells and D.F. Whigham.  2007.  
Restoration of the Mississippi Delta:
Lessons from Hurricanes Katrina a
Rita.  Science 315, 1679. 
dgeon, D., A.H. Arthington, M.O. 
Gessner. Z.I. Kawabata, D.J. Knowler, 
C. Lévêque, R.J. Naiman, A.-H. Prieu
Richard, D. Soto, M.L.J. Stiassny, and 
C.A. Sullivan.  2006.  Fres
biodiversity: importance, threats, st
and conservation challenges. 
Biological Reviews 81:163–182. 
dgeon D. 2000. Large-scale 
hydrological changes in tropical A
prospects for riverine biodiversity. 
BioScience 50(9): 793-806. 
ll, P. and B. Lehner. 2002. Valida
of a New Global 30-Min Drainage 
Direction Map. Journal of Hydrology 
258: 214-231. 
nesius, M. and C. Nilsson. 1994
Fragmentation and flow regulation of 
river systems in the northern third o
the world. Science 266:753-762.  
RI Data & Map
Environmental Systems Research 
Institute.   
ete, B.M., C. J. Vörösmarty and W. 
Grabs.  1999.  “Global, Composite
Runoff Fields Based on Observed 
River Discharge and Simulated Wa
Balances” (
Koblenz, Germany, ed. 2). 

od and Agriculture Organisation of t
United Nations. 2001. Geo-referenc
database on African dams. Rome, Italy.
eman, M.C. and P.A. Marcinek.  2006. 
Fish Assemblage Responses to
Withdrawals and Water Supply Reservoirs 
in Piedmont Streams.  Journal of 
Environmental Management  38: 435. 

Gehrke, P.C., D.M. Gilligan, and M. 
Barwick. 2002. Changes in fish 
communities of the Shoalhaven River 
20 years after construction of T
Dam, Australia. River Reearch and.
Applications. 18, 265. 

af, W. L. 1999. Dam nation: A 
geographic census of large American 
dams and their hydrologic impacts. 

Water Resources Research 35:1305-
1311. 

Helfield, J.M. and R.J. Naiman. 20
Keystone interactions: Salmon and 
bear in riparian forests of Alaska. 
Ecosystems 9:167-180. 

Dams.  2003.  World Register of Da
Available online at: http://www.icol
cigb.org/ 
ernational Energy Agency
http://www.small-hydro.com. 
ce, S. 1997.  Is it worth a dam?  
Environmental Health Perspectives, 
105.   

Kruk, A. and T. Penczak.  2003.  
Impoundment impact on popul
facultative riverine fish.  Ann. Lim
Int. J. Lim. 39 (3), 197-210. 

Development and validation of
database of lakes, reservoirs and 
wetlands.  Journal of Hydrology 296, 
1-22. 

Lehner, B., K. Verdin and A. Ja
2006.  ”HydroSHEDS Technical 
Documentation”  (World Wildlife
US, Washington, DC).  Available at 
http://h

Lehner, B. et al.  Global Reservoirs an
Dams Database (GRAND).  In 
preparation. 
a, Ivan et al.   2007.  “Methane 

Emissions from Large Dams as
Renewable Energy Resources: A 
Developing Nation Perspective,
Mitigation and
for Global Change, published on
March 2007. http://tinyurl.com/2bzawj. 
ndberg, G., M. Kottelat, G.R. Smit
M.L.J. Stiassny, and A.C. Gill. 20
So many fishes, so little time : an 
overviewof recent ichthyological 
discovery in continental waters. Annals 
of the Missouri Botanical Gardens 87
26–62. 
ce, G.,  Masundire, H., Baillie, J., 
Ricketts, T., Brooks, T., Hoffmann
Stuart, S., Balmford, A., Purvis, A., 
Reyers, B., Wang, J., Revenga, C., 
Kennedy
R., Allnutt, T., Bakarr, M., Bond, W
Chanson, J., Cox, N., Fonseca, G., 
Hilton-Taylor, C., Loucks, C., 
Rodrigues, A., Schrest, W., 

14 



Stattersfield, A., Janse van Resnburg,
B., Whiteman, C., Abell, R., Cokeliss, 
Z., Lamoreux, J., Pereira, H.M., 
Thönell, J., and Paul Williams. 
“Chapter 4:  Biodiversity” in
Millennium Ecosystem Assessment, 
Ecosystems and Human Well-being: 
Current State and Trends. Island P

2006.  Unpublished dataset.  
University of Yamanashi, Japan. 
Kerchar, A.  2006.  Unpublished 
Dataset.  National Institute of Water 

 

 2005.   
 

ress. 
Magome, J., H. Ishidaira and K. Takeuchi.  

Mc

Mc
.R. 

d 
of low-
: 

Mo ed 
nd Canada.  

Ols
.D. Burgess, G.V.N. 

. Allnutt, 
moreux, 

gions 

Po
, 

and 

Po

ts of 

: Tropical–
ence 

Ra fish 

Roberts, T.R.. 2001. On the river of no 

letin 
189–230. 

Ru , 
f 

ii. 
 of Fishes 

Sal

.B. 
inzig, R. Leemans, D. 

M. 

Sal

Scu

tional and 
Earthscan. 

 
ids.” A.A. 

s. 
Sta

.  

Tim

To . 2002. 
 

ncy.  

t:  
www.nicar.org/data/dams. 

and Atmospheric Research.  
Christchurch, New Zealand. 
Laughlin, R.L., L. Porto, D.L.G. 
Noakes, J.R. Baylis, L.M. Carl, H
Dodd, J.D. Goldstein, D.B. Hayes, an
R.G. Randall.  2006.  Effects 
head barriers on stream fishes
taxonomic affiliations and 
morphological correlates of sensitive 
species.  Can. J. Fish. Aquat. Sci. 
63(4): 766-779. 
rgan, Alexis.  2006.  Unpublish
dataset.  World Wildlife Fu
Toronto, ON. 
on, D.M., E. Dinerstein, K.E. 
Wikramanaya, N
Powell, E.C. Underwood, J.A. 
D’Amico, I. Itoua, H.E. Strand, JJ.C. 
Morrison, C.J. Loucks, T.F
T.H. Ricketts, Y. Kura, J.F. La
W.W. Wettengel, P. Hedao and K.R. 
Kassem. 2001. Terrestrial Ecore
of the World: A New Map of Life on 
Earth. BioScience 51:933-938.  

ff, N.L., J. D. Allan, M. B. Bain, J. R. 
Karr, K. L. Prestegaard, B. D. Richter
R. E. Sparks, and J. C. Stromberg. 
1997. The natural flow regime—a 
paradigm for river conservation 
restoration. BioScience 47:769-783.  

hl, M.M. 2002. Bringing down our 
dams: Trends in American dam 
removal rationales. Journal of the. 
American Water Resources 
Association. 38(6):1511-1519. 

Pringle, C.M., M.C. Freeman and B.J. 
Freeman.  2000.  Regional Effec
Hydrologic alterations on riverine 
macrobiota in the new world
temperate comparisons.  BioSci
50:807. 

hel, F.J.  2000.  Homogenization of 
fausnas across the United States.  
Science 288: 854-856. 

returns: Thailand’s Pak Mun Dam and 
its fish ladder. Natural History Bul
of the Siam Society 49, 

Rödel, R.  2006.  Unpublished dataset.  
Institute for Geography, Greifswald 
University, Germany. 
ban, G.I..  1997.  Species structure
contemporary distribution and status o
the Siberian sturgeon, Acipenser baer
Environmental Biology
48:221–230. 
a, O.E., F.S. Chapin, J.J. Armesto, R. 
Berlow, J. Bloomfield, R. Dirzo, E. 
Huber-Sanwald, L.F. Huenneke, R
Jackson, A. K
Lodge, H.A. Mooney, M. Oesterheld, 
N.L. Poff, M.T.Sykes, B.H. Walker, 
Walker, M. & D.H. Wall.  2000.  
Global biodiversity scenarios for the 
year 2100. Science 287: 1770–1774. 
ween Watch. 2007.  
www.salweenwatch.org. 
dder, T.  2005. “The future of large 
dams:  dealing with social, 
environmental, institu
political costs.”  London, 

Schnitter, Nicholas J.  1994.  “A History
of Dams, The Useful Pyram
Balkema: Rotterdam, Netherland
nley, E.H. and M.W. Doyle.  2002.  
Geomorphic models provide a means 
of predicting ecosystem responses to 
dam removal.  BioScience 52, 693. 

Syvitski, J.P.M., C.J. Vörösmarty, A.J. 
Kettner, and P. Green.  2005.  Impact 
of humans on the flux of terrestrial 
sediment to the global coastal ocean
Science 308:376-380. 
es Books. 1997.  The Times Atlas of 

the World - Comprehensive ed., 
London, UK. 
ckner, K., J. A. Stanford
Riverine flood plains: present state and
future trends.  Environ. Conserv. 29, 
308. 

U.S. Enivornmental Protection Age
1998.  National Inventory of Dams.  
Washington, D.C.  Available online a
http://

Vanni, M.J., A.M. Bowling, E.M. 
Dickman, R.S. Hale, K.A. Higgins, 

15 



M.J. Horgan, L.B. Knoll, W.H. 
Renwick, and R.A. Stein. 2006. 
Nutrient cycling by fish support
relatively more primary production a
lake productivity increases. Ecol
87:1696-1709. 
rösmarty, C.J., M. Meybeck, B. Fe
K. Sharma, P. Green, and J. Syvitski. 
2003.  Anthropogenic sediment 
retention:  Majo

s 
s 

ogy 

Vö kete, 

r global-scale impact 

 

Vö d 
er 

 growth.  

We

vironmental 

Wo ms 
ework 

 

Wo

ads/livin

rker, K. Schulze, and 

tions from 
wal. 

. 

from the population of registered 
impoundments.  Global and Planetary
Change 39: 169-190. 
rösmarty CJ, P. Green, J. Salisbury, an
R.B. Lammers.  2000.  Global wat
resources: vulnerability from climate 
change and population
Science 289: 284-288. 
i, Q., F. Ke, J. Zhang, P. Zhang, and J. 
Luo.  1997.  Biology, fisheries, and 
conservation of sturgeons and 
paddlefish in China. En
Biology of Fishes 48:241–255. 
rld Comission on Dams.  2000.  “Da
and development.  A new fram
for decision-making,” Report of the 
World Commission on Dams
(Earthscan Publ., London, UK). 
rld Wildlife Fund.  2005.  Living 
Planet Report.  
http://assets.panda.org/downlo
g_planet_report.pdf 

Xenopoulos, M.A., D.M. Lodge, J. 
Alcamo, M. Ma
D.P. Van Vuuren. 2005. Scenarios of 
freshwater fish extinc
climate change and water withdra
Global Change Biology 11: 1557-1564

16 



 

Tack!   
In order to thank people in the most articulate way possible, I’ll stick to English for this section, despite 
having so many people to thank for helping me learn Swedish! 
 
First and foremost I would like to thank Christer for being such a fabulous supervisor.  I arrived in Umeå 
many years ago, disenchanted with academic research and not a bit interested in pursuing a PhD.  The 
scientific mentorship and moral support that you’ve given me over these years reinstilled my love of research 
and redirected my career.  You have always held such a positive attitude towards my progress, which has 
served as motivation on more than one occasion, and your unbridled enthusiasm for ecological research is 
contagious.  Thank you.  Also huge thanks to Gunnel, Susanna and Tobias for always welcoming me into 
your home – I have many fond memories of evenings spent laughing around your family’s dining table. 
 
Next follows the Landscape Ecology Group, both former and current members.  Tuss – sometimes I forget 
that we come from such different backgrounds; you have become such a familiar friend.  I don’t think Jim 
nor I could have enjoyed our years in Umeå even half as much without knowing your infectious laughter, 
insights and determination in all things you pursue.  I hope you come visit Washington again soon!  Birgitta 
and Andreas, och lilla Isak och Sara – visits to Häggnäs always happened when we needed them.  Thanks 
for sharing your beautiful life with us!  Lotta and Johanna – I’m so glad you guys came to Washington last 
year – it internationalized our friendship!  Niclas and Anna – you welcomed me and Jim to Umeå as if we 
were close friends, and I’ll always be thankful for that.  I hope you’re loving life down in Norrköping!  Mats 
D., Roland, Mats J., Shaojun, Stoffe, Elisabet, Lenita, Marcus, Carl Johann, Marie, Anna L, and Erik 
– you have all been such a great pool of knowledge and fun, making me eager for each return visit to Umeå.  
And what a bonus to meet Anna D. before leaving the group – good luck to you!  Thank you all soooo much! 
 
And then there are the departmental folks that I became close with despite having offices off-campus.  Rich 
and Annika Bindler – I never would have expected to meet another American family this far away from 
home with whom I share so much in common and feel so comfortable.  From the first time we met your 
family you have given me nothing but kindness, fun, relaxation and familiarity when all else seemed so 
foreign.  I look forward to many more years of trans-continental friendship.  Maano och Minna – you two 
simply need to come visit us in Washington.  It’s simply wrong that you’re such important friends to me but 
haven’t yet seen my other life.  Thank you for all the wonderful New Years ski trips, Maano!  Brendan and 
Magda-Lena – I should first thank you for your most recent hospitality, but also for sustained and reliable 
friendship over the years.  May you find a great place to settle somewhere between (or in) Sverige and Oz!  
And to Björn and the rest of the Stream Ecology Group – you guys have been a great group to collaborate 
so much with. 
 
Of course, I can not write a thank-you page without thanking Jim.  I wouldn’t have come to Sweden if it 
weren’t for you, and I certainly wouldn’t have enjoyed it nearly as much without you.  You know just how 
big and positive a role you have played and will continue to play in my life.  Thanks for it all, Jimmy. 
 
I should definitely thank Bob Carey and all the folks at the Skagit Field Office of The Nature Conservancy 
in Washington state for their generous and warm hospitality.  I hope to continue professional and personal 
ties with you all!  Also huge thanks to Bob Naiman for putting me up when I was professionally homeless in 
Seattle, and Julian Olden for all your professional help.  I look forward to continuing work with you both. 
 
Last but most certainly not least, my family.  Thanks Mom and sibs (and sibs in-law) for all your support 
over the years.  The world has you all to thank - or blame - for who I am now!  ☺  And my husband, Martin.  
Words can’t begin to express the thanks I feel for having you in my life.  Being married to you is really the 
only degree I need. I love you.   

 




