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SPATIAL DISTRIBUTION OF EPIXYLIC HEPATICS IN RELATION TO
SUBSTRATE IN A BOREAL OLD-GROWTH FOREST
SANNA LAAKA-LINDBERG 1.*, HELENA KORPELAINEN 2 AND MARIA POHJAM0 2
ABSTRACT. The spatial distribution of three epixylic hepatics. Anastrophyllum hellerianum,
Lophozia silvicola and L. longiflora, was analyzed in a boreal old-growth forest in southern Finland,
by applying Ripley's K-function and its modification (L(r». The studied species inhabit coarse woody
debris (CWD), a clearly delimited, patchily distributed substrate of varying quality depending on the
tree species, patch size and stage of decay. The three hepatic species differ in substrate specificity and
in reproductive mode. whether prevailingly sexual or asexual. The combination of substrate specific ity and the frequency of sexual and asexual reproduction leads to differing spatial patterns in each
species. Our results support the hypothesis that randomness in distribution is related to frequent spore
production, since spores are considered to be the means of distance-dispersal. while an aggregated
pattern is an outcome of local dispersal by asexual propagules. Substrate specificity combined with
the frequency of spore production influences the scale of aggregation in species relying primarily on
asexual reproduction and local dispersal.
INTRODUCTION

Spatial patterns of plants are of a particular interest because they can indirectly reveal
information on population dynamics, dispersal and competition (e.g., Stoll and Bergius,
2005). In addition, the spatial distribution of plants often reflects the availability of essential resources, such as suitable substrates, in the area (Rubio and Escudero, 2000). Spatial
patterns of various seed plants have been analyzed in recent years (e.g., Haase et aI., 1996;
Nicotra, 1998; Pelissier and Goreaud, 2001; Debski et aI., 2002; Tirado and Pugnaire,
2003), while spatial patterns of other plants have been mostly ignored. Many bryophytes
inhabit strictly specific, patchily distributed substrates, such as decaying logs (e.g.,
S6derstr6m and Herben, 1997), which often exhibit a nonrandom pattern in the landscape
(Edman and Jonsson, 2001). Some epixylic species are limited not only by the presence of
suitable substrate patches in space but also in time (S6derstr6m and Herben, 1997), for instance as a consequence of the short duration of favorable conditions during the succession
of log decomposition (S6derstr6m, 1988). Therefore, metapopulation-type population
dynamics is suggested to be characteristic to many bryophytes (S6derstr6m and Herben,
1997).
One of the major traits in metapopulation dynamics is dispersal (Hanski, 1999). Although circumstantial evidence suggests potentially effective dispersal in the case of many
bryophytes (see e.g., S6derstr6m, 1992), studies on the spatial distribution of bryophyte
species in relation to the substrate availability are rare and concentrated on mosses (see
Lammi Biological Station, FI-J6900 Lammi, Finland.
Department of Applied Biology, P.O.Box 27, FI-OOOI4 University of Helsinki, Finland.
* Author for correspondence: Fax: +358-3-6311166. E-mail: sanna.1aaka-lindberg@helsinki.fi
I

2

312

1. Hattori Bot. Lab. No. 100

2 0 0 6

e.g., Kuusinen and Penttinen, 1999; Hedenas et al. 2003; Sniill et al. 2003). As far as we
know, only S6derstr6m and Jonsson (1989) have previously published an investigation on
the spatial pattern of a hepatic species Ptilidium puleherrimum . The reproductive characteristics of mosses and hepatics differ especially in the production of spores. In mosses, the
sporophyte is long-lived, and the spores are gradually released during a variably prolonged
period, while the hepatic sporophyte matures during a very short time and releases practically all spores at once (e.g., Crum, 2001). Such morphological and phenological differences between the bryophyte phyla make generalizations of dispersal capacities among
bryophytes quite questionable. Differences in the frequency of reproductive modes facilitate varying strategies even among species inhabiting similar environments. Consequently,
the evolutionary potential of the species is increased by developing alternative solutions for
survival in temporary, patchily distributed habitats.
In bryophytes, spores are generally regarded as the means of distance-dispersal (e.g.,
Longton and Schuster, 1983), while asexual propagules mainly contribute to the colony
maintenance on a local scale (see, Laaka-Lindberg et aI., 2003). The three epixylic hepatics selected for the present study, Anastrophyllum hellerianum (Nees ex Lindenb.)
R.M.Schust., Lophozia longiflora (Nees) Schiffn. and L. silvieola H.Buch, grow on decaying wood in boreal forests. The substrate, decaying trunks and stumps of fallen trees on the
ground, is clearly delimited and patchily distributed in the forest landscape. The three
species differ in substrate specificity, in the frequency of sporophyte production following
sexual reproduction, and in the frequency of asexual reproduction (Laaka-Lindberg et aI.,
2005). The combinations of ecological requirements and reproductive traits produce three
different strategies (Laaka-Lindberg et aI., 2005): A. hellerianum is a substrate specialist
with abundant asexual propagules but only rarely occurring sporophytes. Similarly, L. si/vicola frequently produces asexual propagules but sporophytes only occasionally, although it
has a wide substrate spectrum. Lophozia longiflora is a specialist relying nearly exclusively
on sporophyte production with a very rare occurrence of asexual reproduction.
The spatial distribution of A. hellerianum, L. silvieola and L. longiflora is assumed to
be related to the distribution of their substrate, which occurs more or less aggregated in the
landscape (see also, Edman and Jonsson, 2001). In the present investigation, we have
attempted to discover the distribution patterns of these three hepatic taxa specifically in
relation to their substrate. Moreover, we have aimed to relate the potentially random, aggregated or over-dispersed patterns of these hepatics to their dispersal abilities on a forest
stand scale, as presented by the frequency of reproductive modes leading to long-distance
dispersal by spores or local spread by asexual propagules (see also, Pohjamo et aI., 2006).
The second-order spatial analysis used involved Ripley's K-function adapted to habitats of
an irregular shape (Goreaud and Pelissier, 1999; Pelissier and Goreaud, 2001) to test
whether the colonies of the species are randomly distributed within their habitat. We hypothesized that frequent sexual reproduction leads to a more random substrate occupancy
as a consequence of more effective distance-dispersal as compared to dispersal by asexual
propagules, and that substrate specificity combined with at least occasional distance-dispersal by spores leads to a random or over-dispersed rather than to an aggregated spatial
pattern. The specific questions are I) whether the spatial distribution of A. hellerianum is
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aggregated, as predicted by mostly asexual reproduction, 2) whether the wider ecological
amplitude combined with a facultative reproductive mode in L. silvicola is reflected in its
spatial pattern, and 3) whether we find a random distribution in L. longiflora relying on
sexual reproduction and long-distance dispersal by spores.
MATERIAL AND METHODS

Species investigated
The three leafy hepatics, Anastrophyllum hellerianum, Lophozia longiflora and L.
silvicola belong to the typical , epixylic bryophyte flora of the boreal conifer forests of NW
Europe (e.g., S6derstr6m, 1988). All three species grow on decaying wood in closed oldgrowth forests. A. hellerianum and L. longiflora are strict specialists of decomposing wood
(e.g., S6derstr6m, 1993, Laaka-Lindberg et aI., 2005), while L. silvicola occasionally
grows also on other substrates, including humus or mineral soil and rocks (S6derstrom,
1993; Laaka-Lindberg, 2000; Laaka-Lindberg et aI. , 2005). Lophozia longiflora frequently
produces sporophytes, whereas asexual gemmae are rarely produced (Damsholt, 2002;
Laaka-Lindberg et aI., 2005). Conversely, sexual reproduction leading to spore production
is rare in A. hellerianum and occasional in L. silvicola, while asexual reproduction by gemmae is common in both species (Laaka-Lindberg, 2000; Pohjamo and Laaka-Lindberg
2003; Laaka-Lindberg et aI., 2005).
Study site and sampling
The study site is located in an old-growth forest in the Kotinen Nature Reserve in the
Lammi commune, in the province of South Hiime in southern Finland (61 0 14'N 25°03'E).
In the area, the vegetation consists of spruce forests of bilberry (Vaccinium) and low herb
types (PAhlsson, 1994) with slightly paludified depressions. The main tree species, apart
from Norwegian spruce (Picea abies), include birches (Betula pubescens and B. pendula),
aspen (Populus tremula), rowan (Sorbus aucuparia) and large Scots pines (Pin us
sylvestris). The amount of coarse woody debris is high, more than 60 m3 per hectare.
A 100 m X 100 m quadrat was selected at random on the basis of the national grid
codes on a map. Starting from the NW corner of the random quadrat, a 50 m X50 m plot,
subdivided into 25 10 mX 10 m subplots, was marked in July- August 1998. The subplots
were marked off at 10 cm intervals. All occupied substrate patches with colonies of A.
hellerianum, L. longiflora and L. silvicola present within the plot were mapped. The separate colonies on the same substrate patch, i.e., on the same log, branch or stump, were treated as subcolonies of the species on that particular patch. The subcolonies of the same
species with at least 10 cm distance from each other were considered as separate. The coordinates of the estimated centers of the subcolonies were recorded to the nearest 10 cm. Simultaneously, the outlines of all suitable substrate patches, including decaying logs, fallen
branches and stumps, were marked on a map. Most colonies were located on wooden surfaces, but 18.5% of the colonies of L. silvicola were growing on humus soil or on rocks
(see, Laaka-Lindberg et al. 2005).
The frequency of gemmiparous colonies and sporophyte production in the hepatic
colonies is based on the number of colonies observed with gemmae and sporophytes at the
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Table I . Indexed variables representing the frequency of reproductive traits, whether
sexual or asexual, and the frequency of juvenile colonies in Anastrophyllum hellerianum,
Lophozia silvicola and L. longifiora . These indices are based on previous results by LaakaLindberg et al. (2005).
Index

A. hellerianum

L. silvicola

L. longif/ora

Sporophyte frequency
Gemma frequency
Frequency of juvenile colonies

0.027
0.950
0.018

0.174
0.790
0.033

0.660
0.015
0.221

time of the study in July- August 1998. The prevailing reproductive stage was scored in the
colonies of the three species and defined as juvenile with small shoots without reproductive
organs or gemmae, gemmiparous with shoots bearing gemmae, or sporophytic if both sexes
and sporophytes were present in the same colony. Unisexual colonies with only one sex
present were included in the gemmiparous group, since gemmae were practically always
present in such colonies. The variables related to spatial population structure, including the
number of subcolonies and the total colony area on each occupied substrate patch, and the
mean distance to and number of neighboring conspecific colonies within a radius of 9 m
surrounding each occupied substrate patch, were recorded. The indexed variables for the
frequencies of juvenile, gemmiparous and sporophytic colonies (see, Laaka-Lindberg et aI.,
2005) are presented in Table I.

Statistical methods
The spatial distribution patterns of A. hellerianum, L. longiflora and L. silvicola were
analyzed using Ripley's K function (Ripley, 1976, 1981). Ripley's K analysis is an extension of the standard nearest-neighbor analysis as it utilizes a distribution based on the distances among all possible pairs of plants instead of nearest-neighbor pairs, and it identifies
distinct types of patterns occurring on different spatial scales. The calculations were performed by the ADS module of the ADE-4 (Thioulouse et aI. , 1997), which is a software
package devoted to multiscale analyses of spatial point patterns. The ADS module computes Ripley's K(r) function and related functions for a point pattern in a defined sampling
window. These functions describe the point distribution for distances (r), corresponding to
the radius of the neighborhood disc in which computation is conducted (Goreaud and
Pelissier, 1999). They are expressions of the second-order moment of the point process
associated to the pattern. In the final analyses, the modified Ripley's function L(r) (Besag,
1977; see also Chung et aI. , 2005) was used instead of the function K(r) (Ripley, 1976).
In order to obtain a sampling window reflecting a suitable habitat within the
50m X50m study plot, the program ADSUtil of the ADS module (Goreaud and Pelissier,
1999) was used to create a triangulate polygon, which included the plot area outside suitable habitat and which was then decomposed into contiguous triangles. These triangles
were excluded from the originally square plot (Fig. I). The output file was used as a sampling window in the spatial analyses using the program Ripley of the ADS module. The

S.

LAAKA-LlNDBERG ET AL. :

Spatial distribution ofepixylic hepatics

315

size of the irregularly-shaped sampling window within the 50 m X 50 m (2500 m2 ) plot was
698 m2• Due to program limitations in the ADSUtil (the maximum number of triangles to
be excluded from the original square plot equals 200), the sampling window was not equal
but 2.6 times larger when compared to the actual horizontal area of substrate considered
suitable for the hepatics examined. For the Ripley's functions, confidence intervals of 95%
were calculated for each species using the Monte Carlo method (Besag and Diggle, 1977)
with 1000 simulations, in order to obtain a precise confidence envelope.
The correlations between the indexed variables representing reproductive traits and
the variables representing spatial population structure in the study plot were tested by the
Spearman rank correlation test (R). Since most variables were not normally distributed, the
among-species differences in the spatial variables were tested using the non-parametric
Kruskall-Wallis one-way analysis of variance (H). The statistical tests were conducted with
the SYSTAT statistical software (Kirby 1993) version 9.90.
RESULTS

Within the study plot of 50 mX 50 m, the total area of substrate considered suitable for
the study species, A. hellerianum, L. longiflora and L. si/vieola, was about 270 m2 , divided
into a total of 313 substrate patches. Within that area, 83 Anastrophyllum or Lophozia
colonies located on logs and branches of less than 5 cm in diameter, and 17 colonies of
Lophozia si/vieola occurring on humus (12 colonies) or rock (5 colonies) were excluded
from the spatial analysis. It followed that about 17 m2 (6.8%) of the area of the substrate
patches were excluded. The final investigation involved altogether 213 patches of coarse
woody debris (CWD), of which 82 patches (38.5%) were occupied by colonies of at least
one of the hepatic species studied. In all, 254 colonies of these three species were found on
the CWD patches. L. longiflora was found to produce sporophytes in 66% of the colonies
in the study area, while asexual gemmae were present only in one colony. Sporophytes
were observed in 3% of the colonies of A. hellerianum and in 17% of the colonies of L.
si/vieola, while gemmae were present in practically all colonies with mature individuals.
The frequency of juvenile colonies with no reproduction equaled 1.8%, 3.3% and 22% in
A. hellerianum, L. silvieola and L. longifiora, respectively (see also, Table I).
Within the study plot, A. hellerianum, L. silvieola and L. longiflora were growing on
47, 34 and 31 CWD patches, respectively, and the total numbers of subcolonies found on
these patches equaled 140, 51 and 54, respectively. The among-species difference in the
mean number of subcolonies per species on the occupied patches (3.0, 1.5 and 1.7, respectively) was significant (H=12.471, df=2, p=0.002). The mean colony area of A. hellerianum, L. si/vieola and L. longifiora equaled 399 cm2 (SD 1147 cm 2), 51 cm 2 (SD 85 cm2 )
and 129 cm2 (SD 291 cm 2 ), respectively. The among-species differences in the colony area
were significant (H=7.637, df=2, p=0.022).
The mean distance to the neighboring colonies within a radius of 9 m surrounding
each colony equaled 6.3 m in A. hellerianum, 6.9 m in L. silvieola and 7.4 m in L.
longiflora, but among-species differences were not significant. However, the mean number
of neighbors within the 9 m radius differed significantly (H=25 .996, df=2, p=O.OOO)
among the species, with the average of 9.4 close-by colonies in A. hellerianum, 3.9 in
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Fig. I. Locations of the colonies
of (a) A. hellerianum, (b) L. silvicola
and (c) L. longiflora , marked as white
squares, in the 50 m X 50 m study plot.
The area excluded from the analysis,
based on the unsuitability of the substrate, is marked as dotted and numbered triangles.
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L. silvieola and 4.7 in L. longiflora.
Fig. 1 shows the spatial pattern of A. hellerianum, L. silvieola and L. longiflora in
their natural habitat in the study area. If the modified Ripley's function L(r) exceeds the
upper confidence interval for any distance class, those colonies are relatively closer together than expected, indicating clustering at those scales. If L(r) falls below the lower confidence interval for a distance class, the colonies are relatively further from one another than
expected under a random distribution. Values of L(r) within the confidence envelope indicate random distribution of points at those scales.
The results indicate that the colonies of A. hellerianum (Fig. 2a) are aggregated at distances less than 16 m, especially strongly up to about 13 m, randomly distributed between
distances from 16 m to 18 m, and at distances greater than 18 m the colonies are overdispersed. In L. silvieo/a, aggregation is detected up to distances of 20 m, especially
between 8-16 m (Fig. 2b), and the distribution is random at greater distances. In L. longiflora, colony aggregation is present at distances less than 10 m (Fig. 2c), especially at distances less than 6 m, and at greater distances, the colony distribution is random.
We did not detect significant correlations between the frequencies of gemmiparous
and juvenile colonies and the spatial variables. No correlation was found between the numbers of subcolonies on the same substrate patch or the numbers of close-by colonies and
the frequency of sporophytic colonies. The occurrence of sporophytic colonies was negatively correlated with the occurrence of gemmiparous colonies but positively correlated
with the frequency of juvenile colonies. The frequency of sporophytic colonies was found
to be positively correlated with the mean distance between close-by colonies. All results
showing significant correlations between the variables possessed high R values (a< O.O I).
DISCUSSION

Ripley's K analysis with the L(r) modification proved to be an excellent tool for conducting precise analyses on the spatial distribution of bryophyte colonies occupying irregularly shaped habitats (see also, Chung et aI., 2005). The analysis demonstrated that the
colonies of A. hellerianum, L. longiflora and L. silvieola are significantly more clustered in
their habitat than would be expected under random distribution at distances less than
10-20 m, depending on the species. This kind of a spatial pattern is to be expected on the
basis of limited dispersal distances among the propagules (see e.g. , Kimmerer, 1994). On
larger scales, when the potential substrate has an aggregated pattern in the landscape, as it
often occurs in the case of patchy substrates such as CWD, the distribution pattern of the
species appears aggregated as well (see e.g., Edman and Jonsson, 2001). However, in our
study, the distributions of the species were specifically related to the irregular substrate
"landscape" within the whole study area by excluding the space lacking CWD. Our result
are of a particular interest as they demonstrate colony distributions being even more dispersal-limited than what is expected on the basis of the aggregation of the substrate on the forest stand level because the substrate clustering on forest stand level was excluded in the
analysis. All three hepatic species investigated possessed a different nonrandom spatial pattern related to both the habitat preference and dispersal ability of each species. Niche differentiation, including the regeneration strategy, may be an important mechanism con-
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Fig. 2. Second-order
spatial
analysis of the distribution patterns of
(a) A. hellerianum, (b) L. silvicola and
(c) L. longifiora. The modified Ripley's
function L(r) is blotted against distance
(curve I). The curves 2 and 3 give the
95% confidence intervals for complete
spatial randomness.
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tributing to the coexistence of epixylic bryophytes competing for available patches (Kimmerer, 1994, Kimmerer and Young, 1996).
Spatial aggregation seems to be common in many types of vegetation and plant populations (Harper, 1977; Rusch, 1992; Martens et aI., 1997). Aggregated patterns have been
explained in terms of regeneration ecology (Harper, 1977; Tirado and Pugnaire, 2003),
e.g., regeneration through vegetative propagation or propagation close to the parental plant
(Kimmerer, 1994; Chung et aI., 2005; see also, Miles and Longton, 1990), and dispersal
limitation (Kimmerer, 1994; Edman and Jonsson, 2001). Such patterns may also be the result of disturbances, such as wind and avalanches (Camarero et aI., 2000; Li et aI., 2005),
or they may be simply caused by the aggregation of suitable substrates (Kimmerer, 1994;
Edman and Jonsson, 2001) or strict habitat preference, in which case the individuals occupy only distinct sites within the habitats, as observed in Aporosa trees (Debski et aI., 2002)
and in many bryophytes (Soderstrom and Herben, 1997).
However, there are also cases of random spatial distribution among plants (Lookingbill and Zavala, 2000; Edman and Jonsson, 200 I), or aggregation may be stage-related, as
observed in palm trees, in which juveniles and seedlings are aggregated but adults have a
random pattern or are more loosely aggregated (Barot et aI., 1999). Increasing intraspecific
competition with plant size has been suggested to influence the distribution pattern in Retama shrubs, in which small plants are clumped but the large ones are not (Haase et aI., 1996,
see also Lortie et aI., 2005). A non-aggregated pattern is suggested to reflect distribution in
situations without the influence of dispersal limitation (Edman and Jonsson, 2001). Stoll
and Bergius (2005) have discussed the effects of asymmetric competitive interactions as a
cause of regular spacing of plant individuals. Additionally, the initial phase of a species
colonization (regeneration niche, see e.g. Kimmerer and Young 1996) on newly created
substrate patches certainly has a great effect on the community structure and on the population dynamics of the species, which, in turn, influence the spatial pattern of the species
involved.
In bryophytes, spores have often been considered as the means of distance-dispersal
(Miles and Longton, 1990, 1992; Stoneburner et al. 1992). Consequently, frequent spore
production is generally related to high dispersal ability (Longton and Schuster, 1983; Miles
and Longton, 1990). Therefore, it can be hypothesized that bryophyte species with frequent
production of small, easily wind-carried spores have the potential to reach available substrate patches over considerable distances, even if the species substrate preferences were
strict. The observed spatial pattern is a product of a successful colonization and establishment on suitable patches rather than direct evidence of dispersal potential, since colonization of deposited propagules on suboptimal or unsuitable substrates is likely to fail.
In the case of the threatened, epiphytic bryophyte, Neckera pennata, Kuusinen and
Penttinen (1999) observed that the species was highly aggregated at the landscape scale,
with 31 sites occurring only within 4% of the 4 kmX4 km forest area studied. Yet, on the
forest-stand scale, where the species was found growing on 19 trees, the sites were randomly distributed. Altogether, N pennata proved to be a rare species in the area, and its
occurrence was limited to Populus trees only. It has frequent sporophyte production and
supposedly adequate potential for dispersal to new sites at least on a local scale (Kuusinen
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and Penttinen, 1999). Similarly, the epixylic L. longiflora of the present study has a limited
substrate spectrum and frequent sporophyte production. Moreover, in Kimmerer's (1994)
study on epixylic mosses, the higher reproductive allocation to sexual reproduction by
spores was correlated with less aggregated spatial distribution in T pellucida. L. longiflora
showed a random distribution pattern at distances greater than 10 m, a pattern possibly influenced by the high potential for distance-dispersal. In many studies on the dispersal of
bryophyte spores, a large proportion of the spores are deposited close to the parental
colony, showing a characteristically leptokurtic pattern with a long tail (Miles and Longton,
1992; Pohjamo et al. 2006; see also, Chung et aI. , 2005), even if the proportion of spores
dispersing further may be considerable.
Anastrophyllum hellerianum and Lophozia si/vieola, rely mainly on asexual reproduction by gemmae released from the topmost leaf edges. With no mechanism for an efficient
release of the asexual propagules, these species are more dispersal-limited than is L. longiflora. The highly aggregated spatial pattern detected in these species, up to distances of 16
and 20 meters respectively, combined with rather infrequent sporophyte production, resembles the case of the epixylic moss, Dieranumflagellare (Kimmerer, 1994). Infrequent spore
production, occurrence on aggregated substrates and absence from isolated substrate patches were considered to be indications of dispersal limitation in D. flagellare. In A. hellerianum, the Ripley's model produced a rather narrow window of random distribution at distances between 16- 18 m. Over greater distances on the forest stand scale, the infrequent
spore production combined with effective asexual reproduction and clonal growth (Pohjamo and Laaka-Lindberg, 2003, 2004; see also, Winkler and Fischer, 2002) may well produce an over-dispersed pattern indicating effective colonization on all potential patches
available. The shift from aggregated to random pattern occurs at the greatest distance
(20 m) in the generalist species L. si/vieola. The combination of asexual propagation, occasional sporophyte production and a wide spectrum of facultative substrates facilitate population existence even in a landscape with patchily distributed substrates of varying quality.
The reproductive mode and effort may, however, be affected by the substrate quality in L.
si/vieola (Laaka-Lindberg, 2000). The strategy of stepwise migration via suboptimal substrates to preferred CWD patches of the late stage of decay that occurs more or less aggregated within the forest stand produces a spatial pattern detected in L. si/vieola .
The substrate specificity and the prevailing reproductive mode are related to the specific spatial pattern observed in each of the three epixylic hepatics, A. hellerianum , L. si/vieola and L. longiflora investigated in the present study. The spatial pattern of a species is
primarily determined by the distribution of the habitat or substrate. The frequent sexual
reproduction leading to distance-dispersal by spores is, indeed, associated with the random
distribution observed in L. longiflora. The pattern is more aggregated in species relying
mainly on local dispersal by asexual propagules, but the scale depends on the substrate
specificity, as observed in A. hellerianum and L. si/vieola. In A. hellerianum with a narrow
niche and infrequent spore production, the pattern is either aggregated or over-dispersed in
relation to the substrate.
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