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Abbreviations and glossary 

Ecological restoration (ER) – “Ecological restoration is the process of 
assisting the recovery of an ecosystem that has been degraded, damaged, or 
destroyed. It is an intentional activity that initiates or accelerates an 
ecological pathway—or trajectory through time—towards a reference state” 
(Society for Ecological Restoration 2004).  
 
Demonstration restoration – As part of the EU funded Vindel River 
LIFE project, a number of stream reaches that were previously restored 
using best practice techniques of the time (2000s) were re-restored with 
advanced restoration techniques. The premise was to “demonstrate” new 
techniques and systematically compare this method with best practice 
techniques. I use both “demonstration” and “advanced” restoration to 
describe this type of restoration in my thesis. 

 
Macrophyte – Macrophytes are aquatic plants that grow in or near water 
and are either emergent, submerged, or floating. In this thesis, this term 
refers to aquatic vascular plants and bryophytes. 
 
Performance criterion – A performance criterion (also called a 
performance standard, performance measure, or success criterion) is a 
specific state of ecosystem recovery that indicates or demonstrates that a 
restoration objective has been attained (Clewell et al. 2005). 
 

Riparian zone (RZ) – Areas next to streams, rivers, or lakes which mark 
the interface between the terrestrial and aquatic environment. They are 
influenced by elevated water tables and are typically flooded temporarily on 
a seasonal basis.  
 

Space for time substitution (SFTS) - An experimental approach that 
assumes that space can be used as a surrogate for time; therefore, one would 
be able to sample sites of different ages, or time after restoration, instead of 
doing a long-term study to infer the developmental trajectory of the site 
(Pickett 1989). 
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Abstract 
Why evaluations of the ecological outcomes of stream and river restoration have 

largely reported inconclusive or negative results has been the subject of much debate 

over the last decade or more. Understanding the reasons behind the lack of positive 

results is important for bettering future restoration efforts and setting realistic 

expectations for restoration outcomes. This thesis explores possible explanations for 

why researchers have failed to find clear and predictable biotic responses to stream 

restoration: recovery time has been too short, that restoration of habitat complexity is 

not clearly linked to instream biodiversity, that one monitored organism group is not 

representative of the entire community, that restoration effort was not intense 

enough to restore the potential habitat complexity of a system, and that reach-scale 

restoration done in the presence of catchment-scale degradation obscures restoration 

results. The overarching goal of this thesis is to study the holistic effect of reach-scale 

restoration of historic reach-scale simplification, due to timber floating in northern 

Swedish streams, thus avoiding the added pressure of catchment-scale degradation 

typically found at most restoration sites (e.g., non-point-source pollution and 

impervious cover). Using this model system, I was able to show that it took 25 years 

for riparian plant species richness at restored sites to increase above that of 

channelized sites. Furthermore, it was clear that restoration of these streams caused a 

large and rapid change in N-processing in the riparian zone and this alteration 

persists for at least 25 years. Additionally, multiple metrics of geomorphic complexity 

were needed to explain some of the more subtle responses of organism groups. 

Macroinvertebrates, diatoms, and macrophytes did not respond concordantly and 

cannot serve as surrogates or indicators for each other. I found that older best 

practice methods of restoration rarely restored the large-scale features needed to 

bring the sites up to their potential complexity because these elements were 

destroyed or removed from the system. Advanced restoration techniques used in 

more recent restorations added big boulders and instream wood and increased 

complexity to a level that elicited a biological response. By combining surveys of 

multiple metrics of structure, diversity of multiple organism groups, and process in 

this thesis I was able to get a holistic view of the effects of restoration of streams after 

timber floating. We now know that it takes at least 25 years for riparian plants and N-

cycling to recover, we understand that multiple metrics of geomorphic complexity 

should be measured to be able to explain biotic responses, and that restored 

complexity should better match the potential complexity of the site in order to elicit a 

biological response. Finally, we know that multiple organism groups need to be 

assessed when evaluating the response of biodiversity to restoration. 

Key words: bioassessment, biodiversity, boreal, bryophyte, chronosequence, complexity, 

diatom, geomorphology, habitat heterogeneity, hydromorphological, macroinvertebrate, 

macrophyte, nitrogen cycling, river restoration, riparian buffer, stable isotopes, succession, 

Sweden
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Introduction 
Evaluating the ecological outcomes of stream and river restoration has been 
the subject of much debate over the last decade or more. Throughout nearly 
25 years of restoration, few completed projects have been monitored, and of 
those that were monitored most were not monitored for more than a few 
years (Bernhardt et al. 2005). Not surprisingly, this low activity has 
produced very few published evaluations. Recent studies report inconclusive 
or negative ecological outcomes of stream restoration on various stream 
ecosystem components, including instream macroinvertebrates, fish, and 
macrophytes as well as riparian zones (Jähnig et al. 2010, Palmer et al. 2010, 
Nilsson et al. 2015). Some of the suggested possible reasons are that the 
monitored organism group may not be representative or indicative of the 
entire community (Rakosy & Schmitt 2011), dispersal of species is limited 
(Brederveld et al. 2011, Sundermann et al. 2011), restoration design is poor 
and there is a lack knowledge about factors limiting populations (Roni et al. 
2008), or recovery time is too short (Bernhardt & Palmer 2011, Hasselquist 
et al. 2014, Nilsson et al. 2015).  

Time since restoration 

Researchers have stated that long-term studies of restoration projects are 
needed to determine what recovery trajectories ecosystems may take after 
restoration (Lewis et al. 1996, Klein et al. 2007, Entrekin et al. 2008, 
Clements et al. 2010, Nilsson et al. 2015). Statistical differentiation of trends 
may require decades or centuries or longer for slow processes and long-lived 
species and a parallel long-term commitment of personnel and funds, which 
likely have prevented the widespread use of long-term monitoring in 
restoration ecology (Michener 1997). Researchers may also have new 
questions that were not anticipated when the monitoring began (Burt 1994), 
such as the study of additional taxonomic groups that were not the initial 
target of restoration and monitoring efforts.  

There is no full substitution for long-term studies, but one option is to 
evaluate older projects at a later time in a systematic way to more quickly fill 
gaps in understanding of the long-term outcomes of restoration by using a 
space-for-time substitution (SFTS) chronosequence or gradient. This 
approach assumes that space can be a surrogate for time; therefore, one 
would be able to sample sites of different ages, or time after restoration, 
instead of doing a long-term study to infer the developmental trajectory of 
the site (Pickett 1989). Although SFTS has limitations (Pickett 1989, Fukami 
& Wardle 2005, Walker et al. 2010), this method has been used in terrestrial 
ecology for over a century (e.g., Cowles 1899, Bazzaz 1975, Chapin et al. 1994, 
Myster & Malahy 2008, Walker & Shiels 2008). In recent years, it has also 



 

3 

become more prevalent in freshwater studies (e.g., Nilsson et al. 1997, Holl & 
Crone 2004, Louhi et al. 2011, Hansen & Hayes 2012, Lorenz et al. 2012, 
Luhta et al. 2012). Thus, the use of SFTS to study stream restoration and its 
surrounding riparian habitats should provide insight into the recovery of 
communities after restoration that would otherwise take decades to 
understand. 

A model system 

Most streams in northern Sweden were physically modified by humans from 
the 1850s to the 1960s to accommodate timber floating. Thereafter, timber 
floating ceased and all timber was transported via truck (Nilsson et al. 2005). 
Modification involved destruction of boulders and bedrock with explosives, 
channel straightening and narrowing, and closure of side channels. Many 
streams that have not been developed for hydroelectric power have since 
been restored to increase habitat complexity (Nilsson et al. 2005, 
Gardeström et al. 2013). Unlike most stream restoration in urban areas that 
tries to correct problems associated with catchment-scale degradation (e.g., 
non-point-source pollution and impervious cover as discussed in Bernhardt 
& Palmer 2007, 2011), streams in northern Sweden are being restored to 
addressing the primary disturbance in these reaches: reach-scale 
geomorphologic modification. The only other catchment-scale disturbance in 
this area is forest management, but these impacts are relatively small in 
comparison to the degradation in urban areas which are the typical focus of 
restoration efforts (Schiff & Benoit 2007, Bernhardt & Palmer 2011). That 
the scale of the restoration matches the scale of the disturbance makes this 
study system ideal for analyzing the effects of reach-scale restoration. 

If we build it, they will come 

Greater habitat complexity is expected to favor higher species diversity and 
abundance (Shmida & Wilson 1985, Bell et al. 1991, Tews et al. 2004). 
Structurally complex habitats are expected to provide a greater range of 
niches and reduce the likelihood of competitive exclusion, enabling more 
species to co-exist (Shmida & Wilson 1985, Townsend & Hildrew 1994). 
Variation in habitat structure might also mediate the effects of disturbance 
and predation through the provision of refugia (Townsend & Hildrew 1994, 
Brown 2003). Structurally complex habitats may also support more food 
resources, for example through the accumulation of biofilm or trapped 
particulate matter (Gawne & Lake 1995, Sanson et al. 1995, Taniguchi & 
Tokeshi 2004, Scealy et al. 2007). In stream ecology, the expected 
importance of habitat structure to benthic organisms is long-recognized 
(Percival & Whitehead 1929, Whitehead 1935, Jones 1949), especially for 
macroinvertebrates, which have been shown to be influenced by complexity 
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of benthic habitats (e.g., Vinson & Hawkins 1998). Consequently, structural 
features have become a central focus in river management and restoration 
(Harper & Everard 1998, Lave 2009, Vaughan et al. 2009, Palmer et al. 
2010, Feld et al. 2011). This focus can be stated as the “Field of Dreams 
hypothesis” (Palmer et al. 1997) which stems from the notion that all one 
needs is the physical structure for a particular ecosystem, and biotic 
composition and function will self-assemble; as the tagline from the 1989 
film of the same name says, “if you build it, they will come.” However, 
despite the proposed positive relationships between biota and habitat 
structure and complexity, most restorations of structural complexity have 
shown weak or even negative effects on benthic biodiversity (Jähnig et al. 
2010, Palmer et al. 2010, Nilsson et al. 2015) or remain largely untested 
(Palmer et al. 1997). 

Restoration effort 

Restoration efforts in northern Sweden have included reopening side 
channels, dismantling stone levees, and replacing stones and pieces of 
blasted boulders back into the stream (Gardeström et al. 2013). Older 
restoration efforts primarily focused on improving instream habitat for local 
fish, although the most recent restorations have broader ecosystem goals, 
and have involved more extensive restoration measures, including replacing 
of intact boulders, large wood, and spawning beds for fish. Because many of 
the structural elements in the streams were destroyed, the earlier “best 
practice” restoration that replaced stones back into the streams does not 
fully recreate conditions that once existed in these streams. Our streams are 
both transport limited, for large boulders and instream wood, and sediment 
supply limited, for fine sediments (Rosenfeld et al. 2011). The addition of 
large boulders and instream wood using advanced restoration techniques 
can help to alleviate both of these limitations by diverting water flow to allow 
bank erosion and limited channel migration thus, naturally recruiting 
smaller size sediment (Florsheim et al. 2008). Additionally, the advanced 
restorations directly add coarse gravel to more quickly restore this important 
component. Understanding the level of restoration effort needed to elicit a 
biological response may be one of the problems with a lack of response in 
previous restoration efforts.  

Holistic view of restoration 

Although many researchers and international organizations such as the 
Society for Ecological Restoration, have called for a holistic approach to the 
practice and monitoring of ecological restoration (Hobbs & Norton 1996, 
SER 2004, Ruiz-Jaen & Aide 2005a), rarely do researchers measure a metric 
from more than one of three general categories: structure, diversity, and 
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ecosystem processes (Ruiz-Jaen & Aide 2005b). Moreover, Schiff et al. 
(2010) found that stream restoration monitoring efforts typically focused on 
one or two disciplines (e.g., habitat structures, biological assemblages, water 
quality, or channel morphology). In general, published studies of the effects 
of restoration are generally limited in their scope. 

 
Structure: geomorphic complexity 

The stream restoration literature typically presents a handful of 
measurements for evaluating geomorphic complexity and often only one 
measurement is used per study (Palmer et al. 2010). For example, Tullos et 
al.’s (2009) evaluation of restoration in North Carolina was described as “the 
best example of a rigorous study” in Palmer et al.’s (2010) review on river 
restoration, habitat heterogeneity and biodiversity, but they only included 
one sediment grain size distribution metric. In this case, it could be argued 
that this is not even a measurement of complexity, but a descriptor of the 
basic structure of the channel bed. Other ecologists have indeed measured 
complexity; for example, Brooks et al. (2002) manipulated d84/d50 (range 
of larger grain sizes) and measured spatial variability in flow afterwards, 
Pretty et al. (2003) measured both the coefficient of variation (CV) of stream 
depths and the CV of flow, and Jähnig et al. (2009) also measured the CV of 
depth and stream width (see Palmer et al. 2010 for a comprehensive table). 
However, there are at least five spatial dimensions of complexity (III) ‒ 
sediment grain size distribution, longitudinal profile, cross section, 
planform, and instream wood ‒ and rarely are all considered in restoration 
studies.  

 
Diversity: multiple organism groups 

An additional limitation of most previous restoration assessments is that 
they have typically focussed on only one organism group, either 
macroinvertebrates or fish (Nilsson et al. 2015), although it is becoming 
more common to include multiple organism groups (Jähnig et al. 2009). 
This is important because organism groups, and even species within groups, 
are likely to differ in their responses to different dimensions of geomorphic 
complexity, and depending on spatial scale (e.g., Yates & Bailey 2011). This 
may generate marked differences in patterns of diversity and community 
structure following restoration than the organisms focussed on to date 
(typically macroinvertebrates). Evaluation of a project based on a single 
organism group could be misleading and, accordingly, uniform management 
and conservation practices may be inappropriate (Paavola et al. 2003). 



 

6 

Process: nitrogen cycling 

There has been a strong call from ecologists to focus on restoration of 
process in rivers because it is more likely to succeed than restoring to a fixed 
endpoint (Palmer et al. 2005, Wohl et al. 2005, Kondolf et al. 2006). 
Evaluating restoration projects by quantifying ecosystem processes, or their 
functions, may also offer better insight into how an ecosystem may recover 
from disturbance than reliance on data for single species or communities 
alone. Examples of ecosystem processes are retentiveness, organic matter 
accumulation and processing, primary production, secondary production, 
physiology, and denitrification and nitrogen cycling.  

Riparian zones regulate the nutrient transport from terrestrial to aquatic 
ecosystems (Hedin et al. 1998). They are capable of retaining or removing 
nitrogen (N) entering streams (Peterjohn & Correll 1984) through plant 
uptake and denitrification. Given this, many stream restoration projects aim 
to reconnect streams to their riparian zones to increase denitrification and 
reduce N from entering streams (Bernhardt & Palmer 2007, Kaushal et al. 
2008). Ultimately, the amount and form of N that enters the stream depends 
on the many biotic and abiotic factors that affect the turnover rate at which 
N is cycled and the hydraulic transport of the reaction products (Ocampo et 
al. 2006). However, it is unclear how restoration activities may affect N-
cycling in the riparian zone and how long it takes for N-cycling to recover 
after restoration.  
 

 

Objectives 
The overarching goal of this thesis is to study the holistic effect of reach-scale 
restoration of historic reach-scale simplification due to timber floating in 
northern Swedish streams. I have asked questions about how time and 
geomorphic complexity affect ecosystem processes and community 
responses from multiple taxa. Addressing these questions should serve to 
assist in setting and carrying out stream restoration goals. The thesis 
consists of four papers (I‒IV below) and the specific questions for each paper 
were as follows: 

I. (A) Can time after restoration explain the variation in response of 
riparian plant diversity and productivity after stream restoration, or 
do site variables or landscape setting better explain the response? 
(B) If time after restoration is important for explaining patterns in 
plant diversity and productivity, what is the time frame of recovery 
after stream restoration?   
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II. (A) Does stream restoration affect N-cycling and N sources in the 
riparian zone and how does it change over time since restoration?  
(B) What is the relative importance of plant diversity, riparian 
flooding, amount of oxidizable C, temperature, contribution of N 
from outside sources, and time after restoration in influencing the 
recovery of riparian N-cycling and δ15N values after restoration? 

 
III. (A) Do different dimensions of complexity (sediment distribution, 

longitudinal, cross section, planform, instream wood) or specific 
complexity metrics respond equally to reach-scale restoration in 
northern Sweden? (B) Can an overall gradient of instream 
complexity be quantified for stream reaches with different levels of 
restoration? (C) Can we develop a relative model of potential 
complexity for the study reaches? 
 

IV. (A) Does restoration of reach-scale simplification with reach-scale 
techniques increase biodiversity of multiple instream organism 
groups? (B) Can multiple metrics of geomorphic complexity better 
explain variation in biodiversity than just one metric? (C) Are there 
differences in the responses among organism groups to 
geomorphologic complexity? (D) Are more intense restoration 
efforts more effective at increasing biodiversity? 
 

Methods  
The boreal stream setting 

The study reaches were along tributaries of the Vindel and Ume Rivers in 
northern Sweden (64°15′ ̶ 65°36′ N, 16°52′ ̶ 19°50′E). These rivers have been 
classified as “boreal rivers” within the Fennoscandian shield (Petersen et al. 
1995) which includes the northern half of Sweden, all of Finland, and the 
westernmost part of European Russian (Malmqvist et al. 2009). The 
landscape has a fairly low relief (~200–600 m a.s.l.; Fredén 1994), and is the 
product of many glaciations; large glacial legacy sediment (boulders and 
cobbles) dominate even some low-gradient (< 1 %) reaches (III). The 
tributaries are made up of tranquil reaches interspersed with turbulent 
reaches (pool–riffle, plane–bed, and cascade); turbulent reaches were 
typically the target of channelization efforts because these were the places 
where floated logs could jam up.  

The uplands of these reaches are characterized by managed forests 
dominated by Pinus sylvestris, Picea abies, and Betula pubescens with an 
understory of dwarf shrubs (e.g., Vaccinium spp. and Empetrum 

hermaphroditum), bryophytes, and lichens. In contrast, Betula spp., Alnus 
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incana, Salix spp., and Juniperus communis occupy the riparian zone with a 
diverse understory of indigenous graminoids and forbs. The main soil types 
are glacial tills and peat; N deposition is low (<2 kg ha-1 year-1) and similar 
across sites (Karlsson et al. 2013). The annual growing season (days with 
mean temperatures > 3oC) ranges from 140 to 165 days (Ångström 1974). 
The highest intensity and duration floods occur during spring after 
snowmelt, whereas the highest water levels often occur during winter floods, 
caused by ice dams (Nilsson et al. 2013). However, water levels in these 
small streams can change rapidly in response to precipitation, with summer 
and autumn floods common.  
 
Study reaches 

In this thesis, a total of 26 riparian reaches were studied in second- to 
third-order tributaries of the Ume and Vindel Rivers (Figure 1). Sites were 
60-m long, relatively straight and fast-flowing reaches whose riparian 
zones had not been logged, grazed by cattle, or otherwise significantly 
disturbed by human activities within the last 50 years. Further, they had 
similar geology and flow regimes unaffected by dams.  

 

Figure 1. Location of study reaches in northern Sweden. Rectangle on inset map of the whole 
of Sweden shows approximate location of detailed map. Detailed map shows three main rivers 
and locations of all study reaches used in this thesis, but some demonstration or advanced 
restored sites are not easily visible due to their close proximity to best practice restored sites. 
Not all reaches were used in every study; see papers for details. Restoration status of the 
reaches is indicated by different symbol shapes. Tributaries are not shown for clarity due to 
the large number of streams in the region. 
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Five of the 26 sites were unrestored, channelized stream reaches, and four 
sites were unrestored, unchannelized, “near-natural” reaches (called 
“unimpacted” in III). The remaining 17 sites were originally chosen along a 
time-after-restoration gradient, ranging from 2 to ca. 25 years after 
restoration. The restored reaches can be grouped into four categories of 
different time periods after restoration: (1) three streams that were about 25 
years old at the time of sampling (restored 1987–1988), (2) five streams were 
about 15 years old (restored 1995–1999), (3) five streams were 10 years old 
(restored 2002–2005), and (4) five streams were 2 years old (restored 
2010). These youngest sites were first restored between 2002‒2005 and 
occurred on the same streams as the 10-year old sites, but were extensively 
re-restored in 2010 with new advanced “demonstration” techniques of 
adding large boulders, coarse gravel, and instream wood (Gardeström et al. 
2013). Because the youngest sites were recently “re-restored” and were 
subjected to more extensive methods than previous restorations, these 
reaches were not included in all studies (i.e., I). Due to sampling limitations, 
only a subset of 22 of the sites was assessed in III; 4 of the 15-year old sites 
were excluded. Only 20 sites could be inventoried for IV, thus the last 15-
year old site and the steepest unchannelized site were excluded. The 
unchannelized streams available for “natural” reference sites were not 
structurally similar to the streams modified for timber floating (III). They 
are either steeper or have too many boulders to be directly compared with 
impacted streams (Nilsson et al. 2005, Gardeström et al. 2013, III). 
Regardless, in II, III, and IV, I included them as references to a state that 
has had a longer time-since-disturbance as well as to extend the gradient of 
geomorphic complexity (papers II and IV). 

 
 

Structure: physical characteristics 

Geomorphic complexity 

In III, metrics of geomorphic complexity were measured and or calculated 
that (1) could easily be calculated using Excel and (2) were solely based on 
morphology as opposed to hydraulics or water surface elevation ‒ so that 
these techniques would be easily transferable to restoration practitioners – 
and independent of flows at the time of measurements. Data collection at 
each reach consisted of topographic surveys, measurements of substrate size 
distribution, instream wood surveys, and observations of valley 
characteristics. Topographic surveys of the longitudinal profile of the 
morphologic bankfull edges on both sides and the thalweg, and three cross 
sections (10, 30, and 50 m downstream from the top of the reach) were 
conducted using a Trimble S3 total station. A 300-particle pebble count was 
conducted using a random walk along equally-spaced transects throughout 
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the reach, where the intermediate axis of each particle was measured (Wohl 
et al. 1996). For all instream wood (with any part of log within the bankfull 
edge) with a diameter >0.05 m and length >1 m, the diameter, length, and 
longitudinal distance of the midpoint from the top of the reach were 
recorded. Additionally, whether the log had signs of being chewed by beaver 
or cut using saws was determined. Fifty-meter digital elevation models were 
used in the ArcHydro package of ArcMap 10 to determine elevation above 
sea level and to calculate drainage areas. 

A total of 29 metrics were calculated from these instream measurements, 
which included complexity metrics from five dimensions of channel form 
(Figure 2): longitudinal (downstream) profile, cross sectional profile, 
substrate size composition, planform, and instream wood. We reduced these 
metrics to 14 in III by removing collinear variables within each of the five 
dimensions. In IV, I further reduced the 14 metrics to 12 by removing 
variables that were collinear among the five dimensions.  

 
Site characteristics 

For I and II, I quantified a number of instream and riparian site 
characteristics that were affected by restoration. I determined the slope of 
the riparian zone, a “thalweg-to-edge” ratio to determine the complexity of 
the channel margins, wetted channel width, and flooding frequency and 
duration using changes in temperature to indicate flooding (sensu Helfield et 
al. 2007).  

 

 
 
Figure 2. Five dimensions of channel form needed for holistic view of geomorphic 
complexity of streams. A total of 29 metrics were calculated, seven described the 
longitudinal (downstream) profile (1), eight illustrated the sediment size distribution (2), 
two explained the cross sectional profile (3), six depicted the planform (bird’s eye view; 4), 
and six described instream wood (5). Adapted from Polvi et al. 2014.  
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Landscape characteristics 

Also for I and II, I evaluated site characteristics that related to the landscape 
setting of the restoration. I determined latitude, measured stream slope, 
drainage area, aspect of the slope of the riparian zone, distance to the nearest 
upstream lake (km), and riparian buffer width as the distance from the 
summer low-water level laterally to disturbance (i.e., logging activities).  
 

Diversity: multiple organism groups 

Riparian vegetation  

Surveys of riparian vegetation were used in I and II. They consisted of two 
types of inventories, one plot based (species composition and biomass) and 
one reach based (species richness). Along each 60 m reach, plant community 
composition was measured in 15, 50 × 50 cm quadrats stratified along five 
transects spaced 10 m apart (Figure 3). Percent cover of all vascular plant 
species, functional groups of bryophytes, as well as substrates such as leaf 
litter and boulders were visually estimated within each quadrat. Understory 
biomass and litter samples were collected adjacent to each of the larger plots. 
Biomass samples were separated by functional group (forbs, graminoids, and 
dwarf shrubs), placed in paper bags and later dried and weighed.  

Reach-scale plant species inventories were performed for the full riparian 
zone (area between summer low-water level and 80 cm elevation), and the 
presence of all species occurring in this area along the 60 m reach was 
recorded. Differences in the slope of the riparian zone due to channelization, 
restoration, or topographical constraints caused variation in the lateral 
distance to 80 cm (width) and thus the area of the riparian zone. To account 
for differences in sample area, I standardized the species richness to species 
density by dividing the richness by the log-transformed area sampled. All 
vegetation surveys were done in August, the peak-growing season in 
northern Sweden; quadrats were sampled in 2011 and reach-scale plant 
species inventories were done in 2013. 

 

 

Figure 3. Panoramic photograph of restored stream (upstream to right and downstream to left) 
with sampling set-up for vegetation surveys (papers I and II) as well as sampling of soils and 
Filipendula ulmaria for II. 



 

12 

Benthic macroinvertebrates 

Surveys of three different instream biotic taxa, benthic macroinvertebrates, 
macrophytes, and diatoms, were used in IV. Benthic macroinvertebrates 
were sampled in September 2012. Five subsamples samples were randomly 
distributed along the 60 m reach to characterize benthic macroinvertebrate 
assemblages. Subsamples were collected with a PerOla Suber sampler. The 
five subsamples were pooled and were preserved in 70% ethanol until the 
animals were sorted later in the laboratory. The benthic invertebrates were 
identified to the lowest possible taxonomical level. 
 
Diatoms 

Diatoms were collected by scraping biofilm from the upper surface of five 
cobbles using a toothbrush and metal blade (CEN 2004), which were then 
pooled into one composite sample. To enable a quantitative evaluation of our 
diatom metrics per unit substrate area, we quantified the scraped area of the 
cobbles by wrapping aluminium foil around the sampled surface of each 
cobble, covering the area that was scraped, and then removing and flattening 
the aluminium foil. The foil templates were later scanned and analyzed for 
area. The samples were stored in light-blocking bottles and preserved with 
Lugols iodine solution for transport to the laboratory. Approximately four 
hundred diatom valves from each sample were identified to the lowest 
taxonomical level possible (usually species level, CEN 2004). All diatom 
counting data were converted into relative abundance.  

For the analysis of algal biovolume, at least 1000 benthic algal units per 
sample were counted and measured at 100× and 400× magnification under 
an inverted microscope in a 2-mL Utermöhl counting chamber. Diatoms 
were assessed together with the other benthic algae of the biofilm, but only 
the diatom results were used for this thesis. Biovolumes were calculated 
using Hillebrand et al.’s (1999) model. 

 
Macrophytes 

I recorded percent cover of macrophytes from 30 randomized plots (0.25 × 
0.25 m), stratified along five transects spaced 10 m apart at each site. Plots 
were placed in only those areas of the stream bed that remained wetted at 
mean water level. Vascular plants were identified to species in plots in the 
field, while bryophytes were identified to the lowest taxonomic level, 
generally genus level, in the lab from specimens collected from five cobble-
sized stones per reach (one per transect). We sampled cobbles based on 
bryophyte presence in riffles within the main channel at a standard depth. 
The areas of cobbles sampled in each reach quantified in the same way as 
diatoms. In the lab, bryophytes were cleaned of rocks, dirt, and algae using a 
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dissecting microscope and sorted into different petri dishes for each species. 
The relative abundance of each species sample was measured by estimating 
how much of the petri dish was covered by each species, using abundance 
categories based on Daubenmire cover classes (Daubenmire 1959). These 
abundance measures were used to calculate the Shannon diversity index, 
whereas the abundance of bryophytes in the 30 plots was used for the 
analysis of total abundance of macrophytes. 
 
 
Process: nitrogen cycling  

In II, I used natural abundance levels of the stable isotope of N to infer rates 
and sources of N cycling in the riparian zone. To control for inter-species 
differences in plant N isotope values, I used a single plant species, 
Filipendula ulmaria that occurred in situ at all sites. This is a tall perennial 
forb, native to the catchment which grows in damp to wet habitats. It 
overwinters at or near the soil surface; thus, all aboveground growth is new 
each year. Samples of F. ulmaria were collected over a two-week period in 
August 2012. At each site, foliage and fine roots were collected from five 
individuals located near each of the five transects used for vegetation and 
biomass sampling (Figure 3). Foliage was removed from each individual in 
the field and placed in a paper bag. After collection of foliage, individual F. 

ulmaria plants were excavated and brought back to the lab where roots were 
washed with deionized water to remove all soil debris.  

Coincident with plant sampling in 2012, humus was sampled next to F. 

ulmaria individuals as well as at the riparian‒upland ecotone boundary (~80 
cm elevation above summer low-water level). At each site, five soil cores 
were collected and analyzed separately to provide mean values with standard 
errors (Figure 3). In 2013, mineral soil samples were collected from 13 of the 
restored sites as well as from all natural and four channelized reference sites. 
All soils, foliage, and roots were dried and soils were sieved before being 
ground and weighed into tin capsules for isotopic analyses. Litter samples 
were pooled by site and the entire sample was homogenized and ground to a 
fine powder. Bulk [N] and [C] of foliage, roots, soils, and litter were were 
measured using a CHN elemental analyzer and δ15N and δ13C were measured 
using a continuous flow isotope ratio mass spectrometer. All isotope data 
were expressed in delta notation (‰) relative to the internationally accepted 
standard. Additionally, I measured soil organic matter content by loss on 
ignition as the mass difference between a dried soil sample (at 105°C) and 
after burning at 550°C for 4 hours. 
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Data analysis 

Univariate  

The results from this thesis are based on a number of statistical techniques. 
In I, I used non-parametric Mann-Whitney U-test to determine if there were 
general differences between channelized and restored reaches in terms of the 
site, landscape, and biotic variables. In general, I used either analysis of 
variance (ANOVA) or linear mixed effect models (LMMs, Baayen et al. 2008) 
to compare differences among restoration categories. I used LMMs when 
analyzing data sets that included the demonstration/advanced restored sites 
to control for the spatial dependency of the sites because they occurred on 
the same streams as the 10-year old restored sites. I also used LMMs to 
control for the spatial dependency of plots in II. To determine the relative 
importance of physical characteristics or geomorphic complexity metrics for 
the biotic variables (I and IV) or for N cycling (II), we used ordinary least 
squares (OLS) multiple linear regression analysis, with AIC model selection. 
In I and II, channelized or unchannelized reference sites were not included 
in the analyses because I wanted to include time after restoration in the 
models.  

 
Community composition 

Multi-response permutation procedure (MRPP, I) or analysis of similarities 
(ANOSIM, IV) was used to test for differences in community structure 
between a priori defined groups. The community composition data were 
visualized using nonmetric multidimensional scaling (NMDS), a 
nonparametric ordination, based on Bray-Curtis or Raup-Crick (for 
presence-absence data) dissimilarity coefficients (I & IV). In I, site and 
landscape characteristics were then superimposed on the NMDS results to 
determine the relationships between restoration, landscape, or soil variables 
and the ordination scores. In IV, only geomorphic complexity metrics were 
tested for their correlation with the NMDS ordination scores.  

 

Geomorphic complexity 

We performed ANOVAs for reach-scale descriptive complexity metrics to 
determine if differences between categories of restored sites could be 
detected. Additionally, MANOVA, which is a multivariate ANOVA, was 
performed to test if there were differences in complexity metrics among 
categories based on all of the complexity metrics. Several statistical analyses 
were used to determine a complexity gradient between all reaches, regardless 
of restoration status. We first used a principle component analysis (PCA) to 
plot reaches in complexity metric space. Complexity metrics were plotted as 
vectors on the PCA ordination to show magnitude and direction of the 
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weight of each complexity metric, which allowed visualization of a potential 
overall complexity gradient. Additional analysis of relationships between 
complexity metrics and corresponding reach-scale metrics were performed 
using partial least squares projections to latent structures (PLS). PLS is a 
regression form of PCA, which allows us to relate two data matrices, X 
(reach-scale parameters) and Y (complexity metrics) by a linear multivariate 
model (Eriksson et al. 2006).  

 

 

Major results and Discussion 
Time since restoration 

There were no significant differences in species richness, density, or 
productivity between channelized and restored sites, but species 
composition differed (I). However, by using a gradient of time after stream 
restoration, we were able to determine that time is the most important factor 
in determining recovery trajectories, at least in terms of species richness. 
Across the 25-year time after restoration gradient, we found that riparian 
plant species richness increased by at least 20% (Figure 4). Although finding 
more species over time may seem logical and obvious, there are few studies 
reporting any recovery of species richness after stream and riparian 
restoration (Jähnig et al. 2010, Palmer et al. 2010, Nilsson et al. 2015). 
Although the [N] in foliage, roots, and soils did not change over time, 
understory biomass decreased over time, suggesting that more N was 
available to plants in younger compared to older sites (II). Enriched foliage 
and root δ15N values in newly restored streams suggest that N is lost via 
gaseous losses due to increased rates of mineralization and denitrification in 
the newly flooded riparian zone (II). As time progressed, δ15N values became 
more depleted and N isotopes better resembled the N-limited boreal 
reference conditions, suggesting that the N cycle becomes more closed and 
looses less N over time. Foliar δ15N values were negatively correlated with 
plant species richness suggesting less gaseous losses with higher species 
richness through increased niche partitioning of N (Figure 5).  

Forbs made up the majority of the species added over time, while the 
biomass of graminoids decreased the most over time, suggesting that the 
reduced dominance of graminoids favored less productive forbs (I). Percent 
cover of graminoids has been shown to be positively correlated with nitrate 
concentrations in wetlands (Cleveland et al. 2011), thus, this decrease in 
dominance of graminoids could be linked to the reduction in available N as 
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Figure 4. Regression of years after 
restoration and (A) total vascular 
plant species richness and (B) 
vascular plant species density. Each 
point in (A) represents the total 
number of species found between the 
summer low water level and 80 cm 
above the summer low water level 
along a 60-meter reach. In (B) these 
same data are divided by log10 of the 
sample area, thus giving species 
density. The mean values (± 1 SE) for 
five channelized reaches are indicated 
by gray horizontal lines. Significance 
levels of the regressions are coded as: 
α = 0.1 = *, α = 0.05 = **. Modified 
from I.  

 

 
 
 

the N-cycle tightens over time. Species richness and density patterns could 
be attributed to dispersal limitation, with anemochorous (wind dispersed) 
species being more associated with time after restoration than hydrochorous 
(water dispersed), zoochorous (animal dispersed) or vegetatively 
reproducing species (I).  

One explanation for the lack of change in foliar [N] as well as a decreasing 
trend in foliar δ15N may be linked to plants using different N sources over 
time, such as N derived from mycorrhizal fungi or N from deeper soil depths 
(LeDuc & Rothstein 2010, Mayor et al. 2012, LeDuc et al. 2013, Hu et al. 
2014). In N limited boreal forests, plants rely on mycorrhizal fungi to acquire 
N and this N is typically depleted in 15N (Hobbie & Högberg 2012). Previous 
studies have interpreted lower foliar δ15N values and greater ∆δ15N (i.e., the 
difference between soil and foliage δ15N), as evidence for greater reliance on 
mycorrhizal symbionts for N under N-limited conditions (Högberg et al. 
2011, Hobbie & Högberg 2012). The decreasing trend in δ15N of F. ulmaria 
foliage combined with increasing ∆δ15N (II) in time after restoration may 
reflect a greater dependency on mycorrhizal fungi for N uptake.  

Plant species richness also plays an important role in affecting foliar δ15N 
and therefore N-cycling rates (Figure 5). Plant species richness was 
negatively related to δ15N. Combined with our previous finding of increased 



 

17 

plant species richness with time since restoration at the same sites (Figure 
4), this suggests greater plant N uptake and reduced losses of 15N-depleted N 
via denitrification and/or leaching (Ometto et al. 2006). Using similar 
techniques, Kleinebecker et al. (2014) found evidence of species 
complimentarity through niche partitioning as the key mechanism 
responsible for enhanced resource-use efficiency and reduced N loss. Thus, 
diverse communities are expected to take up more of the available resources 
as species use different resources or vary spatially and temporally in their 
uptake patterns (Kleinebecker et al. 2014). Additionally, plant succession 
could affect N-cycling through changes in the quantity of deciduous tree 
species with high quality leaf litter (Duan et al. 2014). 

The riparian plant community composition of restored reaches differed from 
that of channelized references, but the difference did not increase over time. 
Rather, different time categories had different successional trajectories that 
seemed to converge on a unique climax community for that time period (I). 
This supports the view of a convergence towards a climax community 
(Clements 1916, 1928), shown as a reduction in the heterogeneity of species 
composition among sites over time (Christensen & Peet 1984). We saw 
similar patterns of convergence in the oldest time categories of restored sites 
for benthic macroinvertebrates and macrophytes (IV), suggesting that this 
pattern could be shared among organism groups and trophic statuses.  

 
 

 
Figure 5. The mean (± 1SE) δ15N signature of humus and mineral soil fractions (A) and F. 

ulmaria foliage and roots (B) both regressed over species density (species richness divided by 
log10 of the sample area). Data included are only restored streams (N = 17) and mineral soil data 
were only available for a select set of sites (N = 10). Relationships of foliage and root δ15N with 
species richness (B) were significant when time since restoration was not included as a factor in 
multiple regression models. Modified from II. 
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Geomorphic complexity 

Unimpacted and demonstration/advanced restored sites had higher 
complexity than channelized sites in all five dimensions of geomorphic 
complexity except the cross section (based on the two metrics quantifying 
variability in the cross section; III). Multivariate analyses were able to 
elucidate a complexity gradient driven by three complexity metrics: “Sort,” 
the standard deviation of the sediment distribution and indicates more 
variation in sediment grain sizes; “XS_CT” (Chain & Tape), the ratio of 
topographic distance to straight line distance of cross section; and “Rough,” 
the longitudinal roughness or the variation in depth along the downstream 
profile (Figure 6). The large-scale factors of valley and channel gradient as 
well as median grain size, along with restoration status, drive differences in 
complexity (Figure 6). These results help us understand what the potential 
complexity is for a given reach and should help to set restoration targets in 
regions like northern Sweden without reference systems or sufficient data to 
model flow and sediment processes (III).  

 
 

 
 
Figure 6. Summary of multivariate analysis of reach-scale controls on complexity metrics. Four 
polygons show the extent of variation of reaches in complexity metric space of each restoration 
status (C: channelized, D: demonstration, R: restoration ̶ combines all ages, U: unimpacted). 
Variables along the vertical axis are reach-scale variables that control the degree of complexity. 
The variable that most strongly controls the distribution of reaches along the horizontal axis is 
the restoration status. The overall complexity gradient is shown by the dotted line with the three 
most important complexity metrics in relating to the reach-scale variables. Modified from III. 
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Restoration increased geomorphic complexity above that in the channelized 
state, particularly in the advanced restored sites (III, Figure 7), and we 
observed multiple relationships between the biodiversity, abundance and 
community composition of macrophytes, diatoms and macroinvertebrates 
with different aspects of complexity (IV). In contrast, we observed little 
response in these metrics to restoration class when analyzed as a categorical 
variable, in line with many previous studies (IV). Rarely could the variation 
within an organism group be described by just one metric of geomorphic 
complexity; instead, three metrics were needed on average to describe the 
variation in biodiversity and abundance, and seldom did all metrics relate 
positively to species diversity (IV). Thus, the relationships of biodiversity to 
geomorphic complexity are complex and the mechanisms need further study. 

Sediment grain size distribution metrics were the most consistently included 
dimension of complexity in multiple regression models describing taxonomic 
diversity and abundance (IV, Figure 8). However, grain size metrics were the 
most inconsistent in their direction of influence (IV), which is significant 
given that these are the most common metrics reported in published 
restoration assessments (Brooks et al. 2002, Tullos et al. 2009, others in 
Palmer et al. 2010). This may explain the weak responses to restoration of 
geomorphic complexity observed previously. The other four dimensions of 
complexity better described the configuration of geomorphic complexity and, 
interestingly, were nearly all positively related to our diversity and 
abundance metrics. However, metrics within these dimensions are measured 
less frequently in the literature (but see Pretty et al. 2003, Jähnig et al. 
2009), perhaps reflecting the relative ease of measuring sediment than 
surveying a site with special equipment to measure the configuration of 
channel morphology.  

 
The organism groups were not concordant in their patterns of diversity, 
abundance, or community composition. These findings indicate that 
assessments based solely on macroinvertebrates, the focus of most previous 
studies, are not likely to be useful for making inferences about other key 
groups in the system including basal primary producers (diatoms) and 
foundation species (macrophytes). Although these three organism groups 
lacked community concordance, there was consistency in the geomorphic 
complexity metrics that most often explained the variation in diversity and 
abundance as well as correlated with the distribution of the communities in 
ordination space (IV). The variation in small sediment sizes (Het2, d10/d60; 
Figure. 7A) was the most consistently important geomorphic complexity 
metric for all biological metrics and was positively associated with both 
macroinvertebrate and diatom species richness (Figure 8A & B). Variation 
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 in depth along the cross section (XS_CT, Figure 7B) was the most important 
variable describing macrophyte species richness (Figure 8C). In terms of 
community composition, both macroinvertebrate and diatom composition 
were correlated with the variation in small sediment sizes (Het2, Figure 7A) 
and with the variation in the stream depth along the longitudinal profile 
(LP_R2, Figure 7C). That multiple organism groups responded to the same 
geomorphic complexity metrics indicates that it may be possible to develop 
restoration practices that will benefit multiple organism groups. 

Although the advanced restoration sites were the youngest, most differences 
in geomorphic complexity among restoration statuses were driven by this 
restoration that added large boulders, coarse gravel, and instream wood to 
previously restored sites. Thus, it is possible that the general lack of response 
to restoration in previous assessments might reflect limitations in spatial 
extent and/or number of restoration measures applied (Lepori et al. 2005). 

Figure 7. Boxplots of complexity metrics 
most important for describing biodiversity 
patterns of the three organism groups by 
restoration status. (A) shows the variation in 
smaller sediment grain sizes (Het2; 
d10/d60), (B) the ratio of wetted channel 
perimeter to width (XS_CT), and (C) shows 
the thalweg R-square (LP_R2) which 
describes the variation in depth along the 
longitudinal profile. Both Het2 and LP_R2 
are more complex at lower values. Letters 
above boxes show significantly different 
groups at α= 0.05 (see Table 2 in IV). 
Restoration status abbreviations are: C 
(channelized), A (advanced restoration), 10-
yo (10-year old restoration), 25-yo (25-year 
old restoration), and U (unchannelized). 

A B 

C 
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Figure 8. Linear regression plots for the 
most important complexity metrics 
explaining variation in species richness of 
the three organism groups measured: (A) 
macroinvertebrates, (B) diatoms, and (C) 
macrophytes. Plots are based on multiple 
regression results (IV). Geomorphic 
complexity always increases from left to 
right on the x-axis; thus, Het2 was reversed 
to make interpretation easier. Het2 = 
variation in small sediment grain sizes 
(d10/d60), while XS_CT = variation in 
depth along the cross section. Modified 
from IV.  

 

Given that our streams are both transport limited, for large boulders and 
instream wood, and sediment supply limited, for fine sediments (Rosenfeld 
et al. 2011). The addition of large boulders and instream wood using 
advanced restoration techniques can help to alleviate both of these 
limitations by diverting water flow to allow bank erosion and limited channel 
migration thus, naturally recruiting smaller size sediment (Florsheim et al. 
2008). Additionally, the advanced restorations directly added coarse gravel 
to more quickly restore this important component. Thus, it seems that the 
advanced restored sites are at the level of restoration effort needed to elicit a 
biological response. We may also expect that the effects of advanced 
restoration will increase in the future when communities have had more 
time to recover. 
 

Management implications 

Given our results, timelines for achieving riparian plant species richness 
objectives in boreal zones should be extended to 25 years or longer. 
Furthermore, consideration should be given to actively restoring riparian 

A B 
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zones in boreal systems to increase the speed of recovery of riparian plant 
communities as well as close the N cycle more quickly. Other factors besides 
time that helped explain variation in riparian plant species richness were 
riparian slope and riparian buffer width (e.g., distance to logging activities) 
(I). Thus, management recommendations include making riparian slopes as 
gentle as possible given the landscape context and expanding riparian buffer 
width for restoration to have as much impact as possible. Additionally, the 
major factors that influenced the changes in N-cycling in riparian zones of 
these restored sites besides time included higher plant species richness and 
changes in the quantity and quality of C sources (i.e., percent cover of 
deciduous tree species; II). Thus, seeding with native plants and/or planting 
deciduous tree species would help recover riparian plant richness and N-
processing more quickly. 

Geomorphic complexity should be measured in at least three dimensions, 
and ideally all five dimensions, to understand the full breadth of restoration 
impacts to which organisms could be responding. Furthermore, no single 
organism group can be used as surrogate in monitoring. Finally, we found 
that the restoration must add enough complexity to elicit a biological 
response. In our sediment supply-limited system, new advanced restoration 
techniques added large boulders and instream wood that can cause natural 
recruitment of smaller grain sizes along with addition of course gravel. This 
seemed to restore the geomorphic complexity of the sites to a level that had 
not been reached in older restorations and induced a biotic response. 
Because of ongoing debates of the widespread use of “Natural Channel 
Design” (Rosgren 1994, Lave 2009) that often increases complexity over the 
potential of the site (Lave 2009), future restoration work should be done in 
an experimental way in collaboration with geomorphologists to determine 
what level of complexity is needed to be restored. This collaboration with 
geomorphologists could help identify which parameters are limiting the 
system and, therefore, need to be enhanced to achieve restoration objectives. 
 
 

Conclusions 
In this thesis, I was able to fill key knowledge gaps in stream restoration 
ecology by using the model system in northern Sweden where reach-scale 
restorations have been used to address reach-scale geomorphic modification. 
Furthermore, using natural and restored gradients in time and geomorphic 
complexity proved to be a powerful approach to show trajectories and more 
subtle patterns of recovery after restoration. Using this gradient approach, I 
was able to show that 25 years after restoration, riparian plant species 
richness increased above that of channelized sites. Furthermore, it is clear 
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that restoration of these streams causes a large and rapid change in N-
processing in the riparian zone and this alteration persists for at least 25 
years. Furthermore, a gradient in geomorphic complexity was more effective 
in explaining some of the more subtle responses of organism groups to 
multiple metrics of complexity.  

I found that if you build it complex enough, they will come. Although the 
scale of the restorations matched the scale of the disturbance at the reach 
scale, older best practice methods of restoration rarely restored the large-
scale features needed to bring the sites up to their potential complexity 
because these elements had been destroyed or removed from the system. 
Advanced restoration techniques used in the demonstration restorations that 
added big boulders and instream wood increased complexity to a level that 
elicited a biological response.  

Most researchers study individual organism groups and hope they can serve 
as surrogates or indicators of the remaining ones. Riparian plants, benthic 
macroinvertebrates, diatoms, and macrophytes all responded differently to 
restoration. Thus, using only one organism group as a surrogate in 
bioassessment is not recommended when determining the outcomes of 
restoration. 

By combining surveys of multiple metrics of structure, diversity of multiple 
organism groups, and process in this thesis I was able to get a holistic view of 
the effects of restoration of streams after timber floating. We now have a 
better idea of recovery times needed for riparian plants and N-cycling, we 
understand that restored geomorphic complexity should be measured more 
thoroughly and that it should better match the potential complexity of the 
site in order to elicit a biological response. Finally, we are aware of that 
multiple organism groups need to be assessed when evaluating the response 
of biodiversity to restoration. 

 
 

Future studies 
It is still unclear how long it will take for riparian biodiversity to reach 
“natural” levels because of the lack of comparable natural reference sites. To 
fully understand the potential diversity that these sites can reach, one would 
need to follow them for much longer. If the sites are not re-restored, or 
“adaptively managed” in the future, I would like to continue monitoring 
these sites every fifth year to follow their trajectory of recovery. Furthermore, 
follow-up work should be continued on the demonstration restorations to 
determine the long-term recovery trajectory of these advanced restoration 
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methods. It could be that these advanced methods accelerate recovery of the 
biota and the recovery of N-cycling over the older best practice techniques.  

 
I found that stream restoration initially makes the N-cycle more ‘open’ 
(elevated losses of N to the atmosphere via denitrification or downstream 
through leaching) and that it takes at least 25 years for the N-cycle to become 
‘closed’ and resemble the dynamics observed at N-limited reference sites 
(where N is tightly cycled with little loss). There is evidence that this recovery 
in the N-cycle is related to increased plant species richness, suggesting a 
relationship between niche partitioning and N-cycling (Figure 5). Thus, 
finding a way to increase species richness more quickly could speed the 
recovery of the N-cycle back to the closed, tightly cycling reference 
conditions. Suggestions for increasing species richness could include seeding 
with native riparian species or planting shrubs that will naturally capture 
seeds and other plant propagules that arrive via flood water. However, in 
areas that have excess nutrients entering streams, loss of N via 
denitrification is beneficial because it removes N from the system 
completely. Along my chronosequence, I also found that labile C provided by 
deciduous tree species may play a role in fueling denitrification or increasing 
N immobilization by microbes. Thus, it may be possible to maximize N loss 
through denitrification by increasing deciduous species cover while 
minimizing N leaching by increasing plant species richness. However, 
detailed measurements of these specific processes and experiments are 
needed to verify this conceptual model.  
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