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Summary

1. Coarse detritus (CPOM) is a fundamental resource in freshwater streams, providing
food, shelter and habitat for diverse invertebrate taxa and playing a key role in
metabolism in low order streams. Benthic CPOM stocks are determined by rates of
supply and breakdown of detritus and by channel retentiveness (i.e. the capacity for
the channel to trap and retain CPOM). We focussed on factors affecting the
retentiveness of channels, which theoretically differs among streams with different
channel morphologies and sediment sizes. Such hypotheses have been difficult to test
empirically because existing release/recapture methods require time and labour to
source, prepare, release and recapture particles, and the data infer retentiveness rather
than measuring it directly.

2. We developed a new, rapid method to measure retentiveness using line-intercept
surveys along transects. With this rapid approach we surveyed a large number of sites
across multiple stream types and tested the simple hypotheses that: (1) retentiveness
increases in channels with increasing channel roughness (i.e. sandy vs gravel vs
cobble-bed streams); (2) different types of channel features (e.g. log jams, cobbles,
depositional areas) differ in the efficiency with which they retain CPOM. The line-
intercept survey method, common in studies of terrestrial plants, was readily adapted
to measure retentiveness as m of retentive structure per m of transect (i.e. the Linear
Coverage Index) and trapping efficiency as m of CPOM per m of retentive element,
for 10 different types of retentive elements.

3. Surveys were conducted in Victoria, southeast Australia, at 32 sites with sand (smooth
channels, n = 10), gravel (intermediate roughness, n = 12) and cobble (rough
channels, n = 10) substrata. Unexpectedly the retentiveness of channels did not
increase with channel roughness and comparing the trapping efficiencies of different
retentive elements revealed why this was the case. Retentive structure in cobble sites
was dominated by cobbles themselves, which were highly retentive in other studies
but poorly retentive in our system. Gravel and sand sites had more log jams and
depositional areas, such as pools and backwaters, and these features were more
effective at trapping CPOM. Thus, retention of CPOM was highest in gravel and sand
sites.
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4. Our method provides a new tool for investigators testing hypotheses about CPOM
retention in streams. The method is rapid, requires a minimum of equipment and
personnel, and may be applied in any wade-able stream. Retentiveness is calculated in
intuitive units that are directly comparable among sites and may have utility as
variables in models of CPOM dynamics. We hope this method will open up new
avenues for research that may shed light on how CPOM stocks vary among streams,
with implications for diversity of aquatic fauna and ecosystem functions like
decomposition.

Key words: channel roughness, leaf transport, log jams, organic matter, retentiveness

Introduction

Terrestrially sourced plant detritus (CPOM: e.g. wood, leaves) is a key resource for
invertebrates in many streams, particularly those where in-stream algal growth is low
(Webster et al., 1999; Graga, 2001). Some species directly consume wood (McKie &
Cranston, 1998) or leaves or scrape biofilms that develop on detrital surfaces (Graga, 2001).
Alternatively, CPOM can provide living space, such as hard surfaces for filter-feeders (Craig
& Chance, 1982) to attach to and shelter from predation and extreme events (floods and
droughts, e.g. Gurtz et al., 1988). Furthermore, the breakdown and assimilation of CPOM is
crucial to the metabolic integrity of low-order streams (Cummins, 1974; Cummins et al.,
1983; Vannote et al., 1980). Thus the retention of stocks of organic matter in streams is an

important property to assess.

Unfortunately, the study of organic matter retention in streams is a rather confused area
because various terminologies are used to describe the same or subtly different processes. For
example, “CPOM loading” and “retention” have been used interchangeably in the literature
with both of these terms sometimes used to mean “CPOM stocks”. It is necessary, therefore,
to begin by briefly defining the key processes governing retention and CPOM dynamics in
streams, and the terms that we use to describe them (further clarification of these processes is
provided in the Supporting Information, Appendix 1). Detritus enters the drift from
autochthonous or allochthonous sources (‘supply’) and is carried along until it is trapped and
retained by retentive elements within the channel (‘retention’). Retentive elements may be

debris dams (Bilby & Likens, 1980), macrophytes and submerged riparian vegetation
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(Smock, Metzler & Gladden, 1989), bottom substrata such as large boulders and cobbles
(Webster et al., 1999) and low flow habitats such as pools (Jones & Smock, 1991) (Table 1).
Collectively, we refer to these different types of retentive elements as ‘retentive structure’.
The amount and type of retentive structure within a channel determines the ‘retentiveness’ of

the channel.

Highly retentive channels have the potential to trap and retain large stocks of CPOM,
however, predicting which streams will have the most CPOM can be difficult because
multiple factors determine stocks. For example, allochthonous supplies of CPOM from the
surrounding terrestrial vegetation may depend upon vegetation density and types of species
present, and whether land clearance has created sparse riparian cover (Wipfli, Richardson &
Naiman, 2007; Reid et al., 2008). Stocks may also vary in time, increasing with pulses of
supply or decreasing due to invertebrate consumption and microbial breakdown, physical
abrasion and fragmentation, burial within the stream bed or export out of channels during
floods (Webster, Wallace & Benfield, 1995; Pozo et al., 2011; Jones, 1997). The rates of
each of these losses may vary between streams. Retentiveness is best conceived of, therefore,
as setting an upper limit on the potential stock of CPOM at a site (Supplementary Appendix

1). CPOM stocks may not reach this limit if supply is low or losses are high.

In this study, we focus on relationships between channel retentiveness and stocks of CPOM
to determine how much variation in CPOM stocks among streams may be explained by
channel retentiveness and whether this varies among streams with different sediment sizes.
For example, streams that have cobble substrata can develop a pool-riffle structure, meaning
they have regularly distributed depositional areas, whereas streams with finer substrata may
lack regularly spaced channel units but have other depositional bedforms and also some
capacity to bury CPOM (Gordon et al., 2004). It is thus difficult to contrast streams of
different particle sizes without considering whether concomitant differences in channel

morphology also affect CPOM retention.

A complicating factor is that the current, standard method for quantifying retentiveness
measures the transport distances of materials rather than how material is retained and
therefore measures retentiveness only indirectly (Watson & Barmuta, 2010). This method
involves releasing marked particles (leaves, strips of plastic or paper, dowels or lumber of
standard dimensions) upstream of sites and recording their fates (Ehrman & Lamberti, 1992;
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134  Jones & Smock, 1991; Speaker, Moore & Gregory, 1984; Webster et al., 1994; Quinn,
135  Phillips & Parkyn, 2007). Retentiveness is inferred from the distance travelled by particles,
136  the proportion of particles retained within sites, or time taken for particles to pass through a
137  site (Speaker, Moore & Gregory, 1984). Properly conducted, these experiments can yield
138 informative comparisons between similar-sized channels that differ in key ways. For

139  example, restored vs channelised streams (Muotka & Laasonen, 2002; Lepori, Palm &

140  Malmagqvist, 2005); or streams flowing through catchments vegetated by forest, logged forest,
141 pasture or plantation (Quinn, Phillips & Parkyn, 2007; Webster et al., 1994). However, it is
142  difficult to use the particle release method to draw general conclusions about the processes
143  that govern the accumulation of detritus in streams for several reasons. Transport data reflect
144  short- rather than long-term effects of retentiveness (Speaker, Moore & Gregory, 1984) and
145  thus results are highly dependent upon conditions such as water depths or discharge

146  variability during tests, which can have strong effects on outcomes (Larrafiaga et al., 2003;
147  Quinn, Phillips & Parkyn, 2007). Results can also vary between different studies because the
148  travel distances of particles depend on the type of particle used (e.g. Pretty & Dobson, 2004;
149  Hoover et al., 2010) and other confounding variables (Larrafiaga et al., 2003; Mathooko,
150 Morara & Leichtfried, 2001). It is also difficult for individual studies to compare large

151  numbers of sites (but see Larrafiaga et al., 2003; Quinn, Phillips & Parkyn, 2007), because
152 the method can be laborious and time-consuming.

153

154  The first aim of this study was to develop a new, rapid method to directly measure the

155  retentiveness of stream channels based on the line-intercept method, a standard transect

156  survey procedure (Brower & Zar, 1977). The second aim was to use the rapid method to

157  contrast large numbers of sites on different types of streams to answer two questions: (1) do
158 different densities or types of retentive elements retain different amounts of CPOM on stream
159  Dbeds? (2) do streams that have rough beds (cobble-bed streams) retain more CPOM overall
160  than streams with comparatively smooth beds (gravel- and sand-bed streams)? Large

161  individual particles (e.g. cobbles and boulders) have higher retentiveness than small particles
162  (e.g. gravel or sand) (e.g. Hoover, Richardson & Yonemitsu, 2006; Webster et al., 1994;
163 Larraiaga et al., 2003; Miller, 2013), and consequently bed roughness is assumed to play a
164  predominant role in retention (e.g. Richardson et al. 2009). However direct comparisons

165  between streams with wholly different particle sizes and consequent channel morphology are
166  rare.

167
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Methods

Site selection

Surveys were conducted in four catchments (Goulburn Broken, North Central, Port Phillip,
and West Gippsland catchments) in central Victoria, Australia (Supporting Information,
Appendix 2). We used data from a state-wide assessment of river condition (DELWP, 2010)
to identify 100 m long sections of river meeting three criteria: perennial flow; low gradient
channels (slope < 2%); mean wet width > 3 m. This confined all potential sites to a similar
hydrological context. These river sections were mapped (Google Earth) and a shortlist of
more than 100 river sections visited and assessed. We selected 32 suitable sites from 22 rivers
(Fig. S2). Where multiple sites occurred on the same stream, these were separated by at least
5 km of channel length to minimise the likelihood of CPOM transport between sites. We only
selected sites from the same stream if they differed substantially in the type of substrata,
density of riparian vegetation, or amount of retentive structure present (Supporting
Information, Appendix 2, Table S2). Sites found on the same stream were no more similar to

each other than sites on different streams so we treated the 32 sites as independent estimates.

Sites were 100 m long and encompassed multiple channel units (e.g. pools, runs, riffles) in
rivers of this size (3.7 m — 17.1 m mean wet channel width, Supporting Information,
Appendix 2). By visual assessments of the predominant substrata (sand vs gravel vs cobble,
see Table 1 for definitions), we classified sites into three categories: sand sites (n = 10);
gravel sites (n = 12); and cobble sites (n = 10). Within each category, sites with a range of
riparian vegetation characteristics were represented (Supporting Information, Appendix 2).
The riparian environment surrounding sites may influence the supply of wood and detritus to
channels, but we wished to conduct general tests of hypotheses by using rivers that span a
variety of conditions. Australian streams are surrounded by predominantly evergreen
vegetation (Lake, 1995) and so lack an autumn pulse of deciduous leaves. Most leaf fall
occurs in summer and some eucalypt species (red gum E. camaldulensis, manna gum E.
viminalis) also shed long ribbons of thin flexible bark that can form a large component of
benthic CPOM. Peak discharges in the study catchments typically occurs during winter, with
lowest discharges in late summer (Kennard et al., 2010). Surveys were conducted in late
autumn / early winter (May 05 — June 15) 2017, after summer inputs of CPOM had occurred
but prior to high, flushing discharges. Our data thus integrate the effects on benthic CPOM

stocks of variation in supply and discharge over summer and most of autumn.
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Transect sampling: the Line-Intercept method

To rapidly assess the roughness (sediment particle sizes) and retentiveness of river channels
we adapted the line-intercept method, which is a standard transect procedure used to measure
the density and diversity of terrestrial plants (Brower & Zar, 1977; Kent & Coker, 1994). A
randomly placed transect is established that cuts a straight line through the plant community,
and the identity and amount (m) of each plant intersecting the transect is recorded.
Conveniently, multiple strata (e.g. understorey, overstorey) may be sampled simultaneously
along the same transect, allowing the method to be easily adapted to quantify the extent to
which stream beds are covered by units of different kinds (e.g. substrata, retentive elements,
CPOM). Transects do not sample area to estimate densities of these units, but simple indices
may be calculated to provide relative estimates of “linear cover” (Brower & Zar, 1977, and
see Data analysis below) that can be strongly correlated with areal densities (Kent and Coker
1994). Line-intercept methods are used to measure loadings of large wood in streams
(Wallace & Benke, 1984; Gippel, Finlayson & Oneill, 1996) but have not, to our knowledge,
been applied at finer scales to measure channel retentiveness and retention of CPOM.

Surveying substrata, channel retentiveness and CPOM stock

Substrata, channel retentiveness and CPOM stock were all measured along the same transects
using the line-intercept method (Fig. 1a-c). At each site we established 15 cross-sectional
transects at random locations and recorded the linear cover (m/m of transect) of: (a) three size
classes of substrata (sand, gravel, cobble); (b) 10 types of retentive elements; (c)
accumulations of CPOM on retentive elements (see Table 1 for a detailed description of each
of these variables). Particle size data were used to class sites as either sand sites, gravel sites
or cobble sites based on the dominant particle sizes. The linear density (m/m) of retentive
elements was used to estimate the retentiveness of the channel at each site (details below).
The linear density (m/m) of CPOM was used to estimate the stock of CPOM in the channel at
each site. We also noted the type of retentive element upon which each patch of CPOM was
retained, to compare whether some types of retentive elements consistently retained more
CPOM than others.

We emphasise that our measure of channel retentiveness is based upon the amount of
retentive structure (physical structures and depositional areas, Table 1) within the channel.

We surveyed all retentive elements with the potential to accumulate CPOM, whether they
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contained accumulations of CPOM or not, so measures of retentiveness were independent of

our measures of CPOM stocks.

Particle sizes

It was not feasible to measure particle sizes in a rapid methodology. Therefore, we used three
distinct size classes of particles that may be separated visually in the field (Table 1). The
‘cobbles’ size class includes all particles greater than 128 mm b-axis and therefore includes
boulders etc. Particles in this size class were surveyed both as substrata and as potential
retentive elements (Table 1, Fig. 1a,b). We did not expect small particles to trap and retain
CPOM with regularity but were uncertain where the size threshold between retentive vs
unretentive particles might occur. As a starting point, we based our size distinction on data
presented by Hoover, Richardson and Yonemitsu (2006), which suggest that leaves drifting
through riffles are more likely to be trapped by particles that project > 70 mm into the water
column. Small cobbles (b-axis 64 mm — 128 mm, Wentworth (1922)) include particle sizes
smaller than 70 mm, so we deemed this size class unretentive and chose large cobbles (b-axis
128 mm — 256 mm, Wentworth, 1922) as the minimum size class expected to routinely
project 70 mm from the river bed and trap CPOM. Small cobbles were grouped into the
unretentive “gravel” size class. We acknowledge that our assumption that cobble beds are
more hydraulically rough than sand and gravel sites need not universally be true. Cobble-beds
may be hydraulically smooth if the cobbles are rounded, well sorted and embedded in the
stream (Gordon et al., 2004), but collecting detailed measures of these variables was beyond

the scope of our rapid methodology.

Estimating CPOM stocks

Patches of CPOM are three-dimensional, and our linear cover estimates of CPOM may not be
related to CPOM densities (g/m?) if the depth of accumulated CPOM varies in space. We
therefore collected additional data using standard methods. CPOM was collected in 35
random benthic samples per site (Surber sampler, 30 x 30 cm frame) and oven dried (105°C
for 24 hrs) to estimate CPOM densities in g/m?.

Data analysis

Linear Coverage Index: Calculating retentiveness and CPOM stocks

To estimate retentiveness at each site we calculated the Linear Coverage Index (ICi) (Brower
& Zar, 1977) for all retentive elements:
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ICi = Ii/L
Where L is the summed length of all transects sampled per site and |; is the summed intercept
lengths of all retentive elements per site. Units are in m/m and describe retentiveness as the
proportion of the channel cross-section that is occupied by retentive structure. Values of
retentiveness greater than 1 m/m are possible in channels where different types of retentive
elements overlay one another (see Fig. 1). We used appropriate values of |; and L to calculate
the linear cover of substrata (sand vs gravel vs cobble) and CPOM, and to calculate the
trapping efficiency (m of CPOM / m of retentive element — described further below) for each
type of retentive element. A list and description of the indices calculated is provided in Table
2.

Trapping efficiency

To answer whether different types of retentive elements retain different amounts of CPOM
(question 1), we calculated trapping efficiency for each type of retentive element at each site.
Trapping efficiency describes how many metres of CPOM were trapped for every metre of a
particular retentive element (Table 2) and is computationally equivalent to the mean amount
of CPOM trapped on any individual element of that type. Trapping efficiency is higher for
elements that trap relatively more CPOM and may vary among sites for a particular retentive
element, especially where there are differences in the supply of CPOM.

We used one-way ANOVA to test whether mean trapping efficiency differed among the 10
different types of retentive elements across the 32 sites. Sites differed in the types and
relative abundances of retentive elements present. Sites contained as few as six types of
retentive elements (mean 7.8 + 1.3) and only two types of retentive elements (backwaters,
Fine Woody Debris) were present at all sites. Therefore, a broad array of site types and
combinations of retentive elements allowed us to assess trapping efficiencies under a wide
variety of conditions. Planned contrasts tested two a priori hypotheses that: (1) log jams have
significantly higher trapping efficiencies than other elements because they are persistent,
often span the entire channel width, and are commonly found to trap and retain large amounts
of CPOM (e.g. Webster et al., 1994; Jones, 1997); (2) submerged cobbles and macrophytes
have lower trapping efficiencies than emergent cobbles and macrophytes, due to larger
roughness heights of emergent elements. Additionally, we tested a null hypothesis that wood,

deposition and emergent retentive elements have the same trapping efficiency.

Effective retentiveness
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Estimates of total retentiveness (m of retentive structure /m of transect) are not informative if
different retentive elements have very different trapping efficiencies (which proved to be the
case, as reported below). For example, sites with few, but effective, retentive elements might
trap more CPOM than sites with large amounts of ineffective retentive elements. It was
necessary to weight our estimates of retentiveness to make meaningful comparisons among
sites. To achieve this, we calculated the mean trapping efficiency of each type of retentive
element across all sites (we call these grand means). Grand means thus estimate overall
trapping efficiency over a wide range of conditions (variable supplies of CPOM, densities of
retentive elements, stream types) and are consequently independent of conditions at
individual sites. To weight our estimates of retentiveness we multiplied the linear cover
(m/m) of each retentive element by the grand mean trapping efficiency of that element. For
example, suppose that the density of log jams at site x is 0.7 m/m and the relevant grand mean
trapping efficiency (i.e. averaged across all sites) is 0.5 m of CPOM per m of log jam. The
weighted (effective) density of log jams at the site becomes 0.5 x 0.7 = 0.35 m/m. We
predicted that such values of effective retentiveness provide a more informative estimate of
retentiveness than unweighted values. Both measures of retentiveness are compared in the
Results with the expectation that effective retentiveness provides a better prediction of
CPOM stocks.

Comparisons among stream types

A key prediction was that retentiveness should be higher in increasingly rough channels.
Using one-way ANOVA (followed by Tukey HSD tests), we compared total and effective
retentiveness and linear cover of CPOM (m/m) among sand, gravel and cobble sites to test
this hypothesis. Additionally, we used linear regression to test for relationships between
channel retentiveness (effective retentive structure, m/m) and CPOM stocks (m/m) in each
stream type (sand, gravel, cobble). Such relationships may be affected by variability in the
supply of CPOM (e.g. Fig S2, Supporting Information, Appendix 1), which was not
measured, however linear regression should be adequate to detect any overall trends.
Linear regression was also used to test for relationships between linear cover of CPOM in
m/m and densities of CPOM in g/m? in each stream type. Relationships between the linear
cover and density of CPOM at sites should be strongest if CPOM accumulates to a relatively
constant depth at each site. Alternatively, large differences among sites in the depth of

accumulated CPOM will result in no strong relationship between these variables.
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Results

Comparing substrata and retentive structure among stream types

Our visual classifications of sand vs gravel vs cobble sites during site selection were largely
borne out by transect estimates of the relative abundances of sand, gravel and cobble
substrata, although cobble sites had more gravel than anticipated (Fig. 2). Notably, each
stream type was characterised by different types of retentive elements beyond those generated
by particle sizes (Fig. 2). Sand sites had more wood than gravel and cobble sites but lacked
pools and cobbles entirely. Gravel sites had abundant depositional structure, particularly
pools. Cobble sites were dominated by submerged cobble but, other than this element, they
contained similar amounts of retentive structure to sand sites and less retentive structure than

gravel sites.

Trapping efficiency

Averaged across all sites, there were large differences in the mean amounts of CPOM
retained by the 10 retentive elements (Fig. 3). Tests of differences in trapping efficiency
grouped retentive elements into three distinct sets (Table 3, Fig. 3i.iii) that did not align with
the three broad types of retentive elements (wood, deposition, roughness elements). Log jams
were highly efficient, trapping more than 2X the amount of CPOM per m than any other
retentive element (Fig. 3i). Submerged cobbles and macrophytes were the least effective
retentive elements and were significantly less efficient at trapping CPOM than emergent
cobbles and macrophytes (Fig. 3iiiii). The remaining retentive elements had similar trapping

efficiencies (Fig. 3i).

Retentiveness of sites with different channel roughness

Mean densities of total retentive structure were similar in cobble and gravel sites but, as
expected, were lowest in sand sites (F2,31 = 7.930, P = 0.002, Fig. 4a, open bars). After
weighting these totals by trapping efficiency, the mean densities of effective retentive
structure were still highest in gravel and cobble sites and lowest in sand sites, but in this case
the latter did not differ from cobble sites (F2, 31 = 4.588, P = 0.019, Fig. 4a, solid bars).
However, CPOM stocks were lowest in cobble sites, with the highest stocks in gravel sites
and sand sites intermediate between these two and not different from either of them (F2, 31 =
8.502, P = 0.001, Fig. 4a, grey bars). These results were clarified by comparing the relative
abundances of retentive elements with high, medium, and low trapping efficiencies, as
determined by ANOVA (i.e. Fig. 3, groups i, ii, iii, respectfully). Sand and gravel sites had
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mostly retentive elements with medium or high trapping efficiency, and both stream types
had relatively small amounts of poorly retentive elements (Fig. 4b, ¢). In contrast, cobble
sites showed large differences in total vs effective retentive structure because they were
dominated by retentive elements with low trapping efficiencies (Fig. 4d), comprised chiefly

of their submerged cobble substrata (Fig. 2).

Retentiveness vs CPOM stocks

Sand bed sites showed a strong relationship between linear cover (m/m) of effective retentive
structure and CPOM, whereas cobble and gravel sites did not (Fig. 5a). Across all sites there
was a wide range of values for CPOM, particularly at higher values of effective retentiveness,

and this resulted in a wedge-shaped distribution of points overall.

Relationships between linear cover and densities (g/m?) of CPOM differed by stream type
(Fig. 5b). A significant relationship was detected for sand streams, but not cobble sites. A
linear relationship for gravel sites was strongly leveraged by two sites with very high
densities of CPOM. The regression was not significant with these values removed.

Discussion

By applying the line intercept method to survey channel retentiveness, we rapidly collected
data from a larger sample of sites and stream types than is typically feasible with existing
methods (e.g. particle release methods). For reference, the data presented here were collected
by two personnel within the space of three working weeks (about 15 days). This new
approach allowed us to compare, empirically, the relative performance of different types of
retentive elements in a variety of streams and to test the simple hypothesis that retentive

capacity increases with channel roughness.

Trapping efficiency of retentive elements

As predicted, the trapping efficiency of log jams was much greater than for all other types of
retentive elements. Log jams are relatively large and persistent features and are usually highly
retentive (Jones, 1997; Speaker, Moore & Gregory, 1984; Webster et al., 1994) and in this
study contained large branches and dense packs of accumulated CPOM. In contrast, trapping
efficiency was lowest for submerged roughness elements (cobbles and macrophytes), which
contributed surprisingly little to overall retentiveness at most sites. Emergent cobbles and
macrophytes were nonetheless effective CPOM traps because CPOM was unable to drift over
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the top of these structures. Depositional areas (pools, backwaters, banks) were equally
effective at retaining detritus as LWD and emergent cobbles and macrophytes, but had more
linear cover than the latter elements so contributed a large amount of the effective retentive
structure in all stream types.

It is important to acknowledge that the estimates of trapping efficiency we report for our 10
retentive elements may not be the same or even in the same rank order in other studies or
systems. Many studies report much better performance of submerged cobbles as retentive
structures, but many of these studies are conducted in very small streams where cobbles may
constitute relatively large channel features with large roughness heights (e.g. Hoover,
Richardson & Yonemitsu, 2006; Miller, 2013; Larrafaga et al., 2003). For example, in
small reaches (mean width 1-3 m; mean depth <210 mm) cobble-sized particles projected
from surrounding substrata to intercept up to 37 % of the water column in pools and up to 92
% of the water column in riffles (Hoover, Richardson & Yonemitsu, 2006). It is not
surprising that cobbles were more effective at trapping CPOM in these small systems than in
the larger channels that we surveyed.

Furthermore, the composition of CPOM itself may influence the trapping efficiency of
different retentive elements. The eucalyptus leaves which predominate in our study system
are relatively stiff and do not fold around objects or plaster onto rocks as readily as do soft
deciduous leaves, and this may contribute to the poor trapping efficiency of cobble substrata
in this study compared to systems dominated by CPOM with different properties. Larrafiaga
et al. (2003) studied the retention of different types of drifting particles and showed that
eucalyptus leaves are less readily retained and travel three times further than the alder leaves
and plastic strips that are commonly used in particle release studies. Finally, temporal
changes in hydrology may potentially affect the trapping efficiencies of different retentive
elements in different ways (Small et al., 2008). For example, in streams of the Agiiera basin
(Spain) retention of leaves on cobbles and bedrock declined at high discharges, but retention
on sand, gravel, boulders and wood increased (Larrafiaga et al., 2003). We carried out our
research during periods of relatively low flow, and selected sites with gradients of < 2%, but
choices of streams across a greater range of gradients and incorporating temporal variability
in hydrology may produce different findings.
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These considerations show that trapping efficiencies need to be calibrated for the types of
detritus, retentive elements and streams being studied. The line-intercept method enables
such research and it will be interesting to see if studies employing this standardised method
find consistent patterns in performances of different types of retentive structures in different

parts of the world.

Retentiveness of channels with different roughness and morphology

In terms of the total amount of retentive structure present within the channel, cobble and
gravel sites had more retentive structure than sand bed sites, and this is consistent with our
hypothesis that streams with rough beds have greater retentiveness than streams with
relatively smooth beds. However, the amount of “effective” retentive structure, weighted by
the trapping efficiencies of different retentive elements, was highest for gravel sites and
cobble sites were no more retentive than sand bed sites. This contradicts our hypothesis and
suggests that effective channel retentiveness does not increase with channel roughness.
Stocks of CPOM more closely matched estimates of effective retentiveness than total
retentiveness, and were highest in gravel sites but lowest in cobble sites, with sand bed
streams intermediate between these two. The reason for the discrepancy between total vs
effective retentiveness of cobble sites is that most of the retentive elements in cobble sites
were submerged cobbles, which were relatively inefficient at trapping CPOM. Furthermore,
cobble sites had low densities of the retentive elements with high trapping efficiencies, such
as the pools and log jams that trapped most of the CPOM in sand and gravel sites. It is
unclear why cobble sites had fewer log jams but this may reflect the nature or density of
riparian vegetation, which supplies both logs and CPOM to streams but which we have not
considered in this study. Additionally, rivers were systematically de-snagged across Victoria
during the 1900s (Strom, 1962), and perhaps cobble streams were affected more than other

types of streams.

Channel morphology and its interaction with discharge variation affects retentiveness of
channel units like pools (Small et al., 2008; Nakajima et al., 2006) and other types of
depositional areas. For example, James and Henderson (2005) showed that backwaters
(“eddies”) retained different amounts of CPOM in meandering vs straight channel sections.
Streams with different particle sizes develop different morphologies (Gordon et al., 2004).
Thus riffle-pool sequences are commonest in meandering streams with pea- to boulder-sized
bed material. When streams are uninterrupted by bedrock or logs, pools are theoretically
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spaced regularly along the channel at a frequency of ~ 5-7 channel widths (Gordon et al.
2004), which delivers substantial depositional area. In contrast, sand bed streams develop
dunes and ripples in complex ways that depend on stream power; these bedforms produce
depositional areas between ripples and dunes that are distributed across the stream bed and
are not organised into whole channel units like pools (Gordon et al., 2004). Thus the
frequencies and areas of depositional places are expected to vary among cobble, gravel and
sand bed streams. Our data suggest that, over 100 m lengths, gravel bed streams had more
pools (as we defined them) than cobble bed streams, and sand bed streams had more bank
depositional areas than either of these two types. Depositional elements were the dominant
form of retentive structure in sand and gravel sites, and the most abundant form of effective
retentive structure in all stream types. This outcome would not have been revealed by
focusing only on the retentive properties of particle sizes and thus emphasizes the necessity to

consider retentiveness created by channel morphology alongside roughness elements.

Effective retentiveness vs CPOM stock

Only sand-bed sites delivered a convincing relationship between CPOM linear cover and
effective retentiveness. A scatterplot of m/m of CPOM vs effective retentiveness across all
streams resulted in a wedge-shaped distribution of points. Such distributions can occur when
the independent variable (here, retentiveness) limits the maximum value in the dependent
variable (CPOM linear cover), but where other variables cause a wide range of outcomes
below the maximum. Variability in the supply of CPOM is an obvious source of such scatter
among sites that have the same retentiveness. It is possible to test for the existence of limiting
relationships using quantile regression (Cade & Noon, 2003) but we refrained from this
approach because stream types showed different patterns and grouping these data into a
single analysis would be misleading. However, it makes sense to postulate that retentiveness
acts by setting maximum limits to benthic CPOM (a matter we will examine in a forthcoming

manuscript).

Linear cover vs density of CPOM

A strong relationship between the linear cover and density (g/m?) of CPOM in sand sites
suggests that, on average, CPOM accumulates to a relatively constant depth. In contrast,
densities of CPOM were unrelated to linear cover estimates in cobble and gravel sites. These
patterns reflect probable differences in both the supply and fate of deposited CPOM. For
example, in sand sites, CPOM can be fragmented and buried and the metabolism of POM
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within sand can be rapid (Atkinson et al., 2008), whereas CPOM buried under gravel may
break down at a similar rate to CPOM on the riverbed (Smith & Lake, 1993). Relations
between areas and volumes of detrital packs are affected also by the intrinsic rate at which
materials decompose and/or are eaten by macroinvertebrates, which may vary also among
streams or retentive elements. Our streams were surrounded mostly by Eucalyptus, but
different species decompose at different rates. Thus, E. viminalis leaves break down
moderately fast while those of E. camaldulenis are more slowly broken down (Lake, 1995).
Additionally, large, voluminous packs of detritus within pools can house different
macroinvertebrates to smaller packs retained in flowing water (Lancaster & Downes, 2014).
If the functional composition of invertebrates differs between accumulations of CPOM (e.g.
proportions of shredders, scrapers, detritivores) this may also contribute to different
breakdown rates. The distribution of CPOM is affected also by the season when it is supplied
to streams and whether it is lost from the channel due to raised discharge, which in turn
depends on type of retentive element. Thus, in temperate deciduous forest streams in the
northern hemisphere, large amounts of CPOM are delivered in a sharp seasonal burst and
then metabolized, whereas in Australian streams CPOM inputs are higher in summer but can
be almost aseasonal (Lake, 1995). Thus, various factors affect the relation between linear

cover and density of CPOM, but whether this matters depends on the question being asked.

In conclusion, the line-intercept method provides a new approach for testing hypotheses
about CPOM retention that is rapid (sites can be completed in hours rather than days) and
requires no preparation ahead of time (e.g. particles to release) or special equipment. A wide
range of streams can be measured, provided they are wade-able, and the method delivers
meaningful units of retentiveness (m of retentive structure / m of channel cross section) that
are directly comparable among sites. Models of CPOM dynamics have lacked suitable terms
to describe elements of channel complexity affecting retentiveness (Richardson, Hoover &
Lecerf, 2009) and our values of channel retentiveness in m/m may be suitable to fulfil this
need. We acknowledge that channel retentiveness is just one factor affecting complex CPOM
dynamics in streams. Retentiveness may set upper limits to the potential stocks of CPOM in
sites, but variations in the supply of CPOM and outputs via export and decomposition will
determine the timing and frequency with which these potential stocks are realised.
Nevertheless, the value of attaining rapid, meaningful estimates of the potential for stream
channels to retain detritus should not be understated and we hope this method will open up

new avenues for investigation of the many hypotheses about why some streams retain more
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detritus than others. Additionally, many stream channels have been straightened and
simplified in urban and agricultural environments. Lack of retentiveness has been posited as a
major reason for losses of species diversity of invertebrates (e.g. Miller, 2013) or plants that
establish via hydrochory (Engstrom, Nilsson & Jansson, 2009). This new method should
enable management agencies to rapidly assess whether the retentiveness of degraded streams
is poor and therefore consider whether improving retentiveness may improve species

diversity.
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Table 1. Definitions for (a) three classes of substrata particle sizes, (b) 10 types of retentive

elements, and (c) CPOM patches that were recorded along transects. Size classes for mineral

particles are based on classifications by Wentworth (1922). The threshold for wood sizes

were appropriate for wood that arises in streams in south-eastern Australia (e.g. Downes et

al., 2006).

Channel feature

Definition

(a) Substrata size classes
Sand

Gravel

Cobble

Particles <2 mm b-axis (sand, silt, clay)
Particles 2-128mm b-axis (this category includes small
cobbles 64-128 mm b-axis).

Particles > 128 mm b-axis (large cobbles & boulders)

(b) Retentive elements — collectively referred to as ‘retentive structure’

Wood
Fine Woody Debris (FWD)
Large Woody Debris (LWD)
Log jams

Deposition

Pool

Backwater

Depositional bank

Roughness elements

Cobbles (submerged)

Cobbles (emergent)

Pieces of wood between 20 mm and 50 mm diameter

Pieces of wood greater than 50 mm diameter

Accumulations of primarily LWD and FWD spanning part or
all of the channel, often damming the channel with associated

pools above and/or below (scour pools) the log jam.

Channel sections with slow, depositional flow as evidenced by
obvious presence of fine silt on the bed

Depositional areas where flows are slowed or reversed by
physical structures immediately upstream

Depositional areas, as evidenced by obvious presence of fine
silt, near the bank where flows are slowed by friction with the
streambank.

Sensu Gordon et al. (2004, p138)

Particles > 128 mm b-axis, which was the minimum particle
size expected to retain CPOM in interstices or by direct
plastering on to the upstream surface.

Particles > 128 mm b-axis, that protrude from the water

surface. Emergent elements are expected to catch a higher
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Macrophytes (submerged)
Macrophytes (emergent)
(c) CPOM

proportion of CPOM, which cannot drift over the top of such
elements.

Vascular plants growing entirely beneath the water surface
Vascular plants that protrude from the water surface.

Organic particles (leaves, twigs, bark etc.) <20 mm diameter.

Patches of CPOM < 50 mm in diameter were not sampled.
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Table 2. Various values of |; and L were used to calculate the Linear Coverage Index (ICj =
li/L) for multiple features along the three transect strata (Fig. 1 a-c). Trapping efficiency was
calculated using the same formula, but with l; and L summed across all sites to estimate the
grand means. Values of linear cover for retentive elements were then weighted by trapping
efficiency to calculate the m of “effective” retentive structure per m of transect, which we

propose is an informative measure of channel retentiveness.

Summed (per site) intercept lengths of...

Statistic li L

Linear cover

(a) Substrata Sand, gravel or cobble All transects

(b) Retentiveness (total)  All retentive elements All transects

(c) CPOM stock Patches (> 50 mm diameter) of CPOM Al transects

Trapping efficiency* CPOM on a particular retentive element  That retentive element
(summed across sites) (summed across sites)

Retentiveness (effective) All retentive elements weighted by their ~ All transects

grand mean trapping efficiencies
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769  Table 3 Results of one-way ANOVA comparing the trapping efficiency (m of CPOM / m of
770  retentive structure) of the 10 retentive elements including planned contrasts (numbered) that
771  test a priori hypotheses that: (1) Log Jams are more retentive than other elements (excluding
772 submerged elements with expected low trapping efficiencies); (2) submerged cobbles and
773  macrophytes are less retentive than emergent cobbles and macrophytes; (3-5) A null

774 hypothesis that wood, deposition and emergent retentive elements have the same trapping

775  efficiency.

SS df MS F p
Between Retentive elements 9.400 9 1.044 14,981 <0.001
1. Log Jams vs All (except submerged) 17642.830 1 17642.830 73.512 <0.001
2. Submerged vs Emergent elements 5309.657 1 5309.657 22.124 <0.001
3. Wood vs Deposition elements 523.004 1 523.004  2.179 0.141
4. Wood vs Emergent elements 71.827 1 71.827  0.299 0.585
5. Deposition vs Emergent elements 138.054 1 138.054  0.575 0.449
Error 16.733 240 0.070
Total 26.133 249
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Figure captions

Fig. 1 Cross section of a hypothetical river channel (wetted channel only). Along cross-
sectional transects (0 m —d m, where d is the distance covered by the transect) we surveyed
the intercept lengths (m) of: (a) each type of substrata; (b) different types of retentive
elements (dark grey); (c) accumulations of CPOM (light grey). Note that cobble substrata (>
128 mm) were recorded both as substrata and as potential retentive elements (see Table 1).
Intercept lengths for each item (i.e. m of transect crossing each item) in the hypothetical
channel are depicted below the figure. Summing the intercepts for a particular item across all
transects in a site (li), and dividing by the summed length of transects (L), provides an
estimate of linear cover (m of item / m of transect) that may be used to calculate the
retentiveness of streams, CPOM stock, and trapping efficiency of different types of retentive
elements (Table 2). Linear cover is always 1 m/m for substrata but may exceed 1 m/m for
retentiveness if retentive elements may stack on top of one another (e.g. LWD overlaying
cobble).

Fig 2. For sand, gravel and cobble sites: (LH panels) the relative amounts of sand, gravel and
cobble substrata; (RH panels) relative amounts of 10 retentive elements grouped into three
broad categories (wood, deposition, roughness). Data presented separately for submerged
(sub) vs emergent (em) cobbles and macrophytes. Data are estimates of linear cover (m/m of
transect; error bars + 1 SE) and sum to 1 for substrata (but not retentive structure), because
substrata are continuous across the channel width.

Fig. 3 Grand mean trapping efficiency (average m of CPOM / m of a particular retentive
element) for each of the 10 retentive elements calculated as the m of CPOM per m of
retentive element, averaged across sites (error bars 95% CI). Trapping efficiency differed
between three groups of retentive elements (i, i, iii) identified with planned contrasts (Table
3).

Fig. 4 (a) Average linear densities of total retentive structure, ‘effective’ retentive structure,
and CPOM in sand vs gravel vs cobble sites. Different (P < 0.05) mean values are denoted
by a & b (post-hoc Tukey HSD) for each factor. (b-d) For sand, gravel and cobble sites, the
average linear densities of total retentive structure; ‘effective’ retentive structure and CPOM
contributed by retentive elements with high, medium and low trapping efficiency (TE) (i.e.
groups i-iii identified by ANOVA in Fig. 3). Error bars 95 % CI.

Fig. 5 (a) Linear cover (m/m) of CPOM per site as a function of retentiveness (linear density
of effective retentive structure) in sand, gravel and cobble sites. Linear regression was
significant for sand streams only (F = 15.344, P = 0.004, R? = 0.657). (b) Relationship
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between densities (gm) and linear densities (m/m) of CPOM per site in sand, gravel and
cobble sites. Linear regression revealed significant relationships for sand streams (F =
11.966, P = 0.009, R? = 0.599) and gravel sites (F = 9.929, P = 0.010, R? = 0.498).



851
852

853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876

Bovill et al. — page 27

(c) CPOM: Sand Gravel Gravel Sand
(b) Retentiveness: | EELL:EE Cob{em) Mac
(a) Substrata: L ] [ | L]
Transect: & - —- - — - — - - = - - - e e e e e e e e e e e e e me—————- - - -
Om dm



Bovill et al. — page 28

Sand sites
1.0 0.67
0.5-
0.8
04~
0.67
0.3-
0.47
0.27
0.0- ==
Gravel sites
1.07 0.6~
E
é 0.6 0.5
| .
S
o 0.67
& ]
| .
S o4
2 04
c
® 0.2-
[}
=
0.0-
Cobble sites
1.0- 0.6~
0.6- 0.5-
04-
0.6
0.3~
0.47
0.2-
0.27 01-
EREREREE
0.0- 0.0- -
Sand Gravel Cobble Wood Dep. Rough.
Substrata Retention
Wood Deposition Roughness
[(Logjam  E&Pool NcCobble (sub)
[IFWD fBank dep.  NCobble (em)
B LwD B Backwater EiMacrophyte (sub)
877 B&Macrophyte (em)
878 Fig. 2

879



Bovill et al. — page 29

s 2
L Tm m mﬁ i }ans) 819900
Wo m.nm —— |(ans) ss1Aydoloep
moo o | (W) /a0
T L (ws) sa1hydoloe|y
—t— Luonisodap yueg
= —— Liajemoeg
—t— Lj00d
amd
) anue
. wel-607
NI

Aouaoiy3 buiddes ] ueaw puels

Type of retentive element

880
881
882
883

Fig. 3

884
885
886
887
888
889
890
891
892
893
894
895
896



Bovill et al. — page 30

Total retentiveness
B Effective retentiveness
+

l
L

Low TE

LlcPom
Med TE

(d) Cobble sites

7)) —t
o [
=
w
>
o =
© )
hid T
Ke) Il
© n ¥ o o = Q9
o o o o o o o
O
2,
i
] =
\\\\\\\\\\\\\\\\ [o i)
, O
(O} 1 [
|
© —
(O]
© o
| .
\\\\\\\\\\\\ 7]
0 I ,G
i) @ |
o |
>
e
o)
i) ©
= Sw
n|b o m..@
= E—— 3%
Mn. Oo—F— ,
© e
= L) © < N o
-— o o o o o

0.6
0.5
0.4
03
0.2

(c) Gravel sites

109sues) Jo w / (W) Junowe ues|p

High TE

Low TE

Med TE

897
898

Fig. 4

899
900
901
902
903

904
905
906
907
908
909
910



Bovill et al. — page 31

(a)

@ . Sand sites O
O™\ Gravel sites
O  Cobble sites

o
o
1

o
~
|

Linear cover of CPOM (m/m)
o
@

0.2-
0.1+
0.0_ ! T T I T I
0.0 0.1 0.2 0.3
Effective retention structure (m/m)
s00- (b)
=
=
=
@
o
o
©
e
‘»
c
@
o
0— % T ' 1 " 1 " I
00 01 02 03 04 05
911 Linear density of CPOM
912 Fig. 5

913



914
915
916
917
918
919
920
921
922
923
924
025
026

027
928

929
930
931
932
933
934
935
936
937

Bovill et al. — page 32

Supporting Information

Appendix 1. Definitions of terms

The stock of CPOM at any moment in time is determined by the balance of CPOM inputs
(supply and retention) versus CPOM outputs (decomposition and export/remobilisation
during spates) (Fig. S1). Retention of CPOM is related to the retentiveness of the channel, i.e.
the capacity for the channel to trap drifting CPOM from the water column and retain it in the
benthos. Retentiveness, as defined here, increases with the amount of retentive structure in
the channel (Fig. S1 iv). Although we recognise the effects of other factors (supply,
decomposition, export) on stocks of CPOM (Fig. S1), this study is focused on relationships
between channel retentiveness and stocks of CPOM. We investigate the extent to which
differences in retentiveness may explain differences in stocks of CPOM from site to site (Fig.
S2), and whether this differs between sites with different compositions of substrata.

&> B
Legend: \*
i. ’CPOIVI stock iv. ’ Retention
ii. ’CPOIVI supply V. s Decomposition

iii Y{ Retentive structure vi. ’ Export
Fig. S1 Factors affecting the stock of detritus (CPOM) in streams (i). Detritus is supplied to

the water column (ii) and drifts until it encounters retentive structure (iii), such as physical
structures and areas of slow flow. Some portion of the detritus is trapped or retained on the
retentive structure (iv), increasing the stock of CPOM. In time the CPOM is decomposed and
either assimilated or buried within the site or transported downstream (v). Changes in
hydrology may also cause CPOM to be re-entrained in the water column and exported
downstream (vi). The stock of CPOM on a riverbed is, therefore, highly dynamic and may
vary through time and space with changes in inputs (ii, iv), outputs (v, vi) and channel

retentiveness (determined by the amount of retentive structure, iii).
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CPOM stock

Retentiveness
Fig. S2 Channels with high retentiveness (large amounts of retentive structure) have potential

to store larger stocks of CPOM than channels with low retentiveness. If inputs (supply,
retention) and outputs (export, decomposition) are relatively constant, stocks of CPOM are
expected to be higher in channels with higher retentiveness (a). In practice, however, sites
with high retentiveness may nevertheless have poor CPOM stocks if supply is low and/or
decomposition and export rates are high. The relationship between channel retentiveness and
stocks of CPOM is, therefore, best conceived as a limiting one as depicted in (b), with a line
describing the potential stock of CPOM for increasing values of retentiveness fit to the top of
wedged shaped distribution of points. Such relationships may be modelled using quantile
regression (Cade & Noon, 2003).
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Table S1 Glossary of key terms used in this article, with some synonymous terms that are

Term (synonyms)

Description

Measurement

CPOM supply

CPOM stock
(CPOM loading,

retention)

Retention
(entrapment/trapping
of CPOM)

Retentive elements

Retentive structure

Trapping efficiency

Effective retentive

structure

Retentiveness

The amount of CPOM entering the
water column from allochthonous or

autochthonous sources.

The amount of CPOM held within in

the channel.

The act of a piece of CPOM becoming
trapped by a retentive element (below)

and retained within the site.

Different types of channel features and
structures within the channel that have
capacity to retain CPOM (e.g. logs,

cobbles, backwaters, macrophytes).

A collective term for retentive elements

of different types.

An estimate of how efficient each type
of retentive element is at trapping and
retaining CPOM.

The amount of retentive structure at a
site, weighted by trapping efficiency, to
describe the amount of retentive

structure that is expected to trap CPOM.

A measure of how effective a channel is

at trapping and retaining drifting

Linear cover: m of CPOM / m

of transect

Density: g of CPOM / m?

m of CPOM retained / m of
retentive element, averaged
across all sites. Returns values
from0 —1.

At each site: Sum of the linear
covers (m/m) of each type of
retentive element, multiplied by
the respective mean trapping
efficiencies of each type of

retentive element.

We estimate retentiveness as

‘the amount of effective
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(retentivity, retention CPOM. Sometimes called ‘retention

capacity)

capacity’ because retentiveness sets an
upper limit on the amount of CPOM
that may be retained within a site (see
Fig S2).

retentive structure within a

channel’.
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987

988

989

990  Appendix 2. Description of sites and map showing locations of each site.

991

992  Table S2 Characteristics of sand, gravel and cobble sites, including mean wet channel width and

993  estimates of the mean width and presence of different types of riparian vegetation (Ecological

994  Vegetation Class) surrounding sites (DELWP, 2010). Vegetation data were limited for Turtons Creek
|995 site 1 and unavailable for Agnes River.

Ecological Vegetation Class

Forest Shrubland
E
N —~
5 E E
= = k% o o
—_— o o > C
(5] = o S ©
S 3 g e < 3
< S e o > ¥ D
S © ° 2 3 S &
g & 5 5 8 5 8 2
River = T 8 UL 5 2 c 3
s £ § g L 2 S g
site within river o <5 2 L I S 2
( ) § £ £ 8 = %S & @
Sand sites
Bunyip R. (1) 5.2 13
Hughes Ck. (1) 9.0 85
Hughes Ck. (2) 7.1 33
Latrobe R. (1) 6.9 185
Loch R. (1) 5.6 17

Seven Cks (1) 5.8 2 -
Tanjil R. (2) 11.4 2 -

Tarago R. (1) 6.1 148

Tarago R. (2) 5.1 51

Tarago R. (3) 5.9 12 I
Gravel sites

Acheron R. (1) 7.3 43

Big Pats Ck. (1) 5.8 89

Holland Ck. (1) 5.6 14

Howqua R. (1) 17.1 25

King Parrot Ck. (1) 6.2 20
King Parrot Ck. (2) 4.8 67
Ryans Ck. (1) 6.8 7
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1000
1001
1002
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1004
1005
1006
1007
1008
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1011
1012
1013
1014
1015
1016
1017
1018

Ryans Ck. (2) 7.5
Traralgon Ck. (1) 4.6
Turtons Ck. (1) 3.7
Turtons Ck. (2) 4.7
YeaR. (1) 5.6
Cobble sites

Agnes R. (1) 6.6
BrokenR. (1) 4.8
Delatite R. (1) 8.3
Delatite R. (2) 7.6
Holland Ck. (2) 7.2
Jacksons Ck. (1) 7.3

Murrindindi R. (1)  10.7
Murrindindi R. (2) 9.4
Steavenson R. (1) 9.0
Tanjil R. (1) 9.8
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115
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Fig. S2 Map of survey sites located east of the city of Melbourne (star) in Victoria, southeast

Australia (inset). Shown are the population of stream sections meeting prerequisite conditions

of slope, width and perennial flow (see methods). Forested areas are shaded dark grey. We

surveyed sand sites (triangles), gravel sites (squares) and cobble sites (circles). Within each

category, sites varied in the quantity, quality and composition of riparian vegetation

(Appendix 1).



