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Abstract Macrophytes are an essential biological
element of freshwater aquatic ecosystems and are well
known to reflect prevailing ecological conditions in
rivers. Their use as bioindicators of nutrient status in
river systems is widespread yet their reliability is hotly
debated. The aim of this investigation was to assess
whether macrophytes are reliable indicators of nutri-
ent levels or better applied as indicators of other non-
nutrient environmental conditions. The importance of
two water-column nutrients; nitrates (N) and
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orthophosphates (P) were assessed in terms of their
influence on macrophyte species richness and diver-
sity in relation to other non-nutrient environmental
factors using 395 river plots from Ireland. Then, in this
context, the efficiency of macrophytes to detect
nutrient levels was assessed by selecting two macro-
phyte-based water quality assessment tools; the Mean
Trophic Rank (MTR) and the Predictions And Clas-
sification System for river macrophytes (LEAF-
PACS?2). Finally, the ability of phytosociological
communities within these rivers to reflect trophic
levels was examined using the same two water quality
assessment tools. It was shown that water-column
nutrients N and P have a minor influence on macro-
phyte richness and no significant influence on macro-
phyte diversity and that MTR and LEAFPACS2 were
only weakly correlated with N and P levels. It was
concluded that macrophytes are sensitive to
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environmental changes but respond to a combination
of ecological factors rather than N or P alone.
Therefore, this study suggests that macrophytes are
not the most efficient taxon group to apply when
assessing trophic changes in isolation of other non-
nutrient factors.

Keywords Bioindicators - Ecological river quality -
Phytosociology - River macrophytes - Water quality

Introduction

Macrophytes are an essential biological element of
freshwater aquatic ecosystems and their multiple
ecological functions are well-known (Aguiar et al.,
2014) and as a result can be useful as biological
indicators of prevailing ecological conditions (Baa-
trup-Pedersen et al., 2017). There is evidence to
suggest that macrophytes are both reliable and useful
at indicating levels of nutrients (e.g. Szoszkiewicz
et al.,, 2009; Willby et al., 2012), particularly phos-
phorus (Szoszkiewicz et al., 2014) which is thought to
be the principle nutrient that limits growth of aquatic
plants (Thiébaut et al., 2002). Indeed, nutrients such as
phosphorus can be carried in water-borne sediment in
rivers (Mayora et al., 2018) and macrophytes have an
important role in the retention of these fine sediments
which can be closely related to increased dissolved
nutrient availability in river systems (Jones et al.,
2012). There is however, evidence that highlights the
weaknesses and unreliability of using macrophytes as
tools for water quality assessment (Demars et al.,
2012; Baatrup-Pedersen et al., 2017). A key issue is
that macrophytes respond to a combination of both
physical and chemical environmental drivers
(Schaumberg et al., 2004).

Despite the ongoing debate, macrophyte indices
and metrics continue to be used, improved and
developed internationally. Macrophytes are one of
the mandatory biological factors of Europe’s Water
Framework Directive (WFD) in the assessment and
monitoring of ecological status of surface waters
(WDF, 2000). Since the establishment of the WFD,
many assessment methods have developed based on a
variety of criteria such as macrophyte indicator
species, vegetation structure, vegetation composition
and species diversity.
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This investigation aims to assess whether macro-
phytes and their associated phytosociological com-
munities are indeed reliable indicators of nutrient
levels or whether they are better utilised as indicators
of other non-nutrient environmental conditions. There
are relatively few studies that examine the use of
vegetation units such as phytosociological communi-
ties or plant groups as bioindicators (Dawson &
Szoszchiewicz, 1999; Steffen et al.,, 2014). This
research will contribute to the continuing international
debate whether macrophytes are efficient bioindica-
tors of river water nutrient levels and consequently
inform the application of macrophyte metrics for
monitoring purposes while endeavouring to meet
legislative requirements relating to water quality
status of rivers. Two macrophyte nutrient assessment
tools were selected to facilitate this investigation. Both
were chosen because they are presently being evalu-
ated by the Environmental Protection Agency for
potential use in the Irish context (Catherine Bradley,
Ecological Monitoring and Assessment Unit, EPA
August 2018 pers. comm.). One index-based assess-
ment tool is the Mean Trophic Rank (MTR) (Holmes
et al., 1999) where selected indicator species (includ-
ing vascular plants, bryophytes and macroalgae) were
given a Species Trophic Rank (STR) value based on
expert opinion. These values are used to calculate the
MTR of a river site taking cover abundance of these
trophic indicator species into account. A low MTR
signifies nutrient enrichment (Holmes et al., 1999).
The MTR was first developed in the UK to detect
changes in trophic levels downstream from waste-
water treatment plants (Holmes et al., 1999). Since
then this tool was positively evaluated (Dawson et al.,
1999, Szoszkiewicz et al.,, 2002) and has been
modified, adapted and used in other European coun-
tries such as Poland (Szoszkiewicz et al., 2002) and
Slovakia (Raven et al., 2011).

A multi-metric assessment tool that is used in the
UK is the Predictions And Classification System for
macrophytes (LEAFPACS2) (WFD-UKTAG, 2014),
improved and updated from the original LEAFPACS
tool (Willby et al., 2010, 2012). It is comparable to
MTR in that the survey method is based on that of the
MTR and the core trophic indicator species lists are
similar, although the LEAFPACS2 species list
includes a higher number of trophic indicator species.
LEAFPACS2 also differs in that it combines the
results of five calculated metrics (based on a deviance
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from reference conditions) into a final Ecological
Quality Ratio (EQR). This EQR is then used to classify
the river site into one of 4 ecological quality classes
(poor/bad, moderate, good, high). Metrics include
those that take alkalinity and slope into account, as
these were viewed to have a strong influence on
macrophyte community composition and productivity
(Willby et al., 2012).

Macrophyte richness in rivers is thought to respond
well to changes in environmental conditions (Scarlett
& O’Hare, 2006; Szoszkiewicz et al., 2014). The first
objective of this investigation was to ascertain the
importance of water-column nutrients N (nitrates) and
P (orthophosphates) in driving macrophyte richness
and diversity in relation to other available non-nutrient
chemical and physical factors. The second objective
was to assess the efficiency of river macrophytes to
detect water-column nutrient levels across a selection
of Irish river plots by using the MTR and LEAF-
PACS2 macrophyte assessment tools. Finally, this
study examined the ability of phytosociological com-
munities within these rivers to reflect trophic levels
using the same two water quality assessment tools and
if any differences could be equated to nutrient levels
alone. It should be noted that nutrient data available
for this research were from water samples collated
from various sources and did not necessarily include
sediment-borne nutrient information, hence nutrients
N and P are understood to be water-column nutrients.

Methods
Preparation of data

Collation of river vegetation plots and environmental
information

A total of 395 river vegetation plots were extracted
from the Irish River Macrophyte Database (RMD)
(Weekes et al., 2018a). Each plot had the dimensions
of 100 m river stretch multiplied by the wetted river
channel width (m). Within each plot, macrophytes
(vascular plants, bryophytes and common macroalgae,
e.g. Cladophora spp.) had been recorded and each
species given a % cover abundance value. Associated
environmental data included substrate type % cover
(bedrock, boulders, cobbles, gravel, sand, fine); slope
(m/km); altitude (m a.s.l.); channel width; (m);

channel depth (cm). Channel depth was measured as
the average water depth within the river plot surveyed.
Standard procedure is measuring 3 to 5 depths across
the river channel (depending on channel width) at the
top(upstream) middle and end (downstream) of each
river plot. Water chemistry measurements included
water alkalinity (CaCO5; mg/l) and water conductivity
(uS/cm). Water nutrient factors included N (mg N/1)
and P (mg P/1). Water chemistry results were based on
averages from either annual or three-year data
recorded bimonthly by the Environmental Protection
Agency (EPA) for plots recorded in the Republic of
Ireland and the Northern Ireland Environmental
Agency (NIEA) for plots within Northern Ireland (N
and P levels ranged from 5.8 x 107> — 6.652 mg N/I
and 3.2 x 107°-8.845 x 10~ mg P/l respectively).

Additional environmental data were gathered for
each plot from various GIS shapelayers using QGIS
(QGIS Development Team version Essen 2.14.7
2016). These included geological bedrock (limestone,
sandstone, siliceous, metamorphic) simplified from
the GSI (Geological Survey of Ireland) (https://www.
gsi.ie/en-ie/data-and-maps/Pages/Bedrock.aspx#);
soil type of Northern Ireland from the Agri-Food and
Biosciences Institute (AFBI) (Jordan & Higgins,
2009) and of the Republic from the Environmental
Protection Agency (EPA) and Teagasc soils data
(http://gis.teagasc.ie/soils/about.php). Details of the
distances between the macrophyte plots and river
source (km) and altitude (m a.s.l.) at source were
needed for the LEAFPACS2 indices calculations,
these were extracted from the EPA’s Rivers and Lakes
data (http://gis.epa.ie/GetData/Download), in combi-
nation with NASA’s topography mission data (https://
data.gov.ie/dataset/digitalelevation-model-of-ireland-
from-nasas-shuttle-radar-topography-mission-srtm).

The river plots were from across the island of
Ireland (Fig. 1) from a range of wadable rivers with
Strahler order ranging from 1 to 7 and an altitude
ranging from 1 to 205 m a.s.1.

Calculation of water quality metrics for each plot
MTR calculations

The STR (score ranges from 1 to 10, eutrophic to
oligotrophic respectively) and the Species Cover

Value (SCV—uses % cover values converted to the
9-point scale) for each indicator species present in a
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Fig. 1 Map showing the distribution of the 395 river vegetation
plots with elevation (darkest shading > 450 m). These plots
were extracted from the Irish River Macrophyte Database
(RMD)

river plot were used to calculate the MTR for each
river plot using the formula:

S (STR x SCV) x 100

MTR =
S SCV

LEAFPACS?2 calculations

There are 4 metrics calculated based on what is
observed in the field versus what would be expected if
reference conditions existed. A breakdown of the
calculations, formulae and set of rules used can be
seen in detail in WFD-UKTAG (2014). Metrics
specific for Northern Ireland rather than U.K. were
used for this study that included data from both
Northern Ireland and the Republic of Ireland. All
calculations were carried out using the downloadable
online LEAFPACS2 class calculator and survey
metrics calculator (https://www.wfduk.org/resources/
rivers-macrophytes). A summary explanation of each
metric is described below:

@ Springer

RMNI River Macrophyte Nutrient Index is calcu-
lated using the trophic scores of indicator species
present versus what would be expected. Scores range
between 1 and 10, the lower the score, the less tolerant
the species is of eutrophication. The metric takes
alkalinity, slope, distance from source and altitude at
source into consideration in the calculations.

NTAXA The total number of scoring aquatic taxa
recorded in the field versus what would be expected.
Slope is taken into consideration in the calculations.
This acts as a diversity metric.

NFG Number of functional groups. There are a total
24 functional groups that are considered truly aquatic.
Species belonging to these different groups are
counted to give the NFG for a river plot versus what
would be expected. Slope is taken into consideration
in the calculations. This also acts a diversity index.

ALG The % cover of green filamentous algae in a
river plot versus a global reference value of 0.05%

A final score is calculated for the surveyed river
plot by normalising the 4 metrics and then combining
them according to a set of rules into a final EQR
(Ecological Quality Ratio).

Hereafter, the final LEAFPACS2 EQRs will be
referred to as LPEQR in the text.

Calculation of macrophyte richness and Diversity
Index

Macrophyte richness was evaluated as the total
number of macrophytes recorded within each plot.

Simpson’s index (Gini coefficient) (Simpson, 1949;
Pielou, 1969) was used to calculate the diversity index
for each plot. The formula used was:

s
Simpsons Index = 1 — ZP,%
k=1

where: P, proportion of species k in an infinite
population, S total no. of species present, A high
value indicates a large number of macrophytes with
similar cover abundances (evenness), A low number
indicates domination by a few macrophytes.
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Statistical analysis
Testing for data auto-correlation

The data were initially tested using the Moran’s |
within R version 3.5.0 (R Core Team, 2018) within the
package ‘Ictools’ (Kalogirou, 2016).

There was some autocorrelation detected, but the
Moran’s I value was minimal (MI = 0.19; Z = 10.0;
P <0.05). MI values are interpreted as follows:
1 = clustering, — 1 = dispersion and 0 = random
spatial pattern. This small degree of clustering was
not considered to result in bias within the data.

Investigation into the importance of N and P
in relation to other environmental factors

Negative binomial models were constructed within the
R package ‘MASS’ (Venables & Ripley, 2002). These
models were used to identify the effects of available
environmental variables on macrophyte richness and
macrophyte diversity and determine whether nutrients
(N and P) had a significant role to play in either
macrophyte richness and/or diversity. A measurement
of influence of each environmental variable was then
calculated using Model Averaging within the R
package ‘MuMIn’ (Barton, 2016) to identify those
factors that had the greatest influence.

Before proceeding, autocorrelation between vari-
ables was tested using the Spearman rank correlation
coefficient (p) within the R package ‘Hmisc’ (Harrell,
2016). There were two environmental factors that
were found to be highly correlated with each other,
these were conductivity and alkalinity (p = 0.94,
P < 0.05) and as a result, conductivity was removed
from the negative binomial model analysis described
above.

Assessment of the efficiency of macrophytes to detect
changes in N and P using MTR and LEAFPACS?2

Spearman rank correlations were investigated between
MTR and LPEQR against N and P levels and other
available chemical water properties and physical
factors. The Bonferroni test was used to adjust P values
to combat the effects of multiple testing. Spearman
p > 0.7 was considered as a strong correlation;
p <0.7>0.5 was considered to be a moderate
correlation and p < 0.5 > 0.3 was considered weak.

Multiple pairwise plots were then constructed (Becker
et al.,, 1988) to visually examine any relationships
between the factors.

Investigation into whether phytosociological plant
communities can reflect trophic differences using
in MTR and LEAFPACS?2

Each plot had been assigned to a phytosociological
association or sub-association (community) during a
previous related study when constructing a National
River Vegetation Classification System for Irish
Rivers (INRVC) (Weekes et al., 2018b). An unsuper-
vised clustering method, K means (MacQueen, 1967)
had been used to find groups within in the data. The
number of K cluster centroids had been chosen based
on expert opinion and then cluster composition was
defined objectively using the K means algorithm. K
means analysis was carried out using R software (R
Core Team 2015 version 3.2.2) which is integrated
within the vegetation software JUICE (Tichy, 2002)
which is software specifically designed for editing and
analyses of phytosociological data. Full details of the
analytical procedure and resulting vegetation classifi-
cation can be found in Weekes et al. (2018b). The plots
in this investigation were distributed between 16
phytosociological associations/subassociations (here-
after referred to as communities), an overview of each
community is presented in Table 1.

ANOVA (Analysis of Variance) and Tukey’s post
hoc. tests were carried out within the R package
“Hmisc” using transformed environmental data to
investigate whether there were any significant differ-
ences in environmental conditions between the
assigned vegetation communities. Similarly, this pro-
cedure was used to identify any significant differences
in the MTR and LPEQR scores between the commu-
nities and then whether they corresponded to any
significant differences in nutrient levels. Non-metric
multidimensional scaling (NMDS) within the pro-
gramme PCORD (McCune & Mefford, 2011) was
carried out and resulting macrophyte community
centroids were plotted to summarise assemblage
structure across these environmental gradients.

Boxplots were constructed within the R package
‘ggplot2’ (Wickham, 2009) to visually indicate the
direction of any differences between the macrophyte
communities and their environmental conditions and
MTR/LPEQR scores.

@ Springer
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Table 1 A list of the 16 phytosociological associations and a brief overview of each, including the main character species that help

define these communities in Irish rivers

Phytosociological association

Community overview

Fontinaletum antipyreticae Kaiser 1926

Oxyrrhynchietum rusciformis Kaiser ex. Hiilbschmann 1953

Chiloscyphetosum fontinaloidi subass. nova

Brachythecio rivularis-Hygrohypnetum luridi Philippi 1965

Leptodictyo riparii-Fissidentetum Philippi 1956

Scapanietum undulatae Schwickerath 1944

Fontinalietosum squamosae Marstaller 1987

Ranunculetum fluitantis Allorge 1922

Veronico beccabungae-Callitrichetum stagnalis Oberdorfer

1957

Myriophylletum alterniflori Chouard 1924

Nymphaeo albae-Nupharetum luteae Nowinski 1927

Lemnetum minoris de Bolds et Masclans 1955

Rorippo-Phalaridetum arundinacea Kopecky 1961

Sagittario sagittifoliae-Sparganietum emersi Tlixen 1953

Moss dominated aquatic community

Character species: Fontinalis antipyretica
Moderate-fast flowing alkaline waters

Moss dominated aquatic community

Character species: Platyhypnidium riparioides
Moderate-fast flowing clear waters

Liverwort dominated aquatic community

Character species: Chiloscyphus fontinaloidis
Moderate-fast flowing alkaline/calcareous waters
Moss dominated marginal community (splash zone)

Character species: Brachythecium rivularis & Hygrohypnum
luridi

Moderate-fast flowing alkaline waters

Moss dominated aquatic community
Character species: Leptodictyum riparium
Moderate flowing nutrient-rich waters
Liverwort dominated aquatic community
Character species: Scapania undulatum

Fast flowing acidic waters

Moss dominated aquatic community
Character species: Fontinalis squamosa
Moderate-fast flowing neutral/acidic waters
Vascular plant dominated aquatic community
Character species: Ranunculus subgenus Batrachium
(includes mainly R. penicillatus & R. peltatus)
Moderate-fast flowing waters

Vascular plant dominated aquatic community
Character species: Callitriche stagnalis
Moderate-slow flowing alkaline waters
Vascular plant dominated aquatic community
Character species: Myriophyllum alterniflorum
Moderate-fast flowing acidic waters

Vascular plant dominated aquatic community
Character species: Nuphar lutea

Still-slow flowing alkaline waters

Vascular plant dominated aquatic community
Character species: Lemna minor

Still-slow flowing nutrient-rich waters
Vascular plant dominated marginal community
Character species: Phalarus arundinacea
Still-slow flowing alkaline waters

Vascular plant dominated aquatic/marginal community
Character species: Sparganium emersum

Still-slow flowing nutrient-rich waters

@ Springer
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Table 1 continued

Phytosociological association Community overview

Glycerio-Sparganietum neglecti Koch 1926 Vascular plant dominated marginal community
Character species: Sparganium erectum

Slow flowing alkaline waters
Schoenoplectetum lacustris Chouard 1924 Vascular plant dominated marginal/in channel community
Character species: Schoenoplectus lacustris

Slow- moderate flowing waters

Results factors including substrate type, soil type and flow
were not found to significantly influence macrophyte

The importance of N and P in relation to other richness.

environmental factors

Model averaging of the negative binomial identified
the relative importance of all environmental factors (in
relation to each other) on macrophyte richness
(Table 2). The most influential factors were found to
be altitude, slope, geology and alkalinity (> 0.82 (out

Nutrient levels and other environmental factors had
no significant influence on species diversity as
explained by the Simpson index (Appendix 1). Species
diversity was not found to be significantly affected by
any environmental factor.

Assessment of the efficiency of macrophytes

of a score of 1) relative importance). P also had
significant influence but to a lesser extent compared
with the other factors (relative importance = 0.75), as
did channel width (relative importance = 0.68) and
depth (relative importance = 0.67). Levels of N and

to detect changes in N and P using MTR
and LEAFPACS2

Pairwise tests showed that there was a moderate
correlation between MTR and LPEQR (p = 0.51,

Table 2 Results of model averaging of the negative binomial showing the coefficients for all factors in order of relative importance
that influenced species richness in plots recorded in Irish rivers

Variable Estimate Adjusted standard error Z value P value Relative variable importance
(Intercept) 1.808 0.43 4.22 < 0.001%%*

Altitude 0.050 0.01 4.38 < 0.007#%** 1
Slope — 0.368 0.11 3.35 < 0.007#%** 0.99
Geology — 0.180 0.09 1.90 0.057* 0.93
Alkalinity - 0.024 0.01 2.27 0.023%%* 0.82
Orthophosphate - 0.507 0.25 2.01 0.044%** 0.75
Channel width 0.208 0.11 1.87 0.061* 0.68
Channel depth 0.253 0.14 1.86 0.062* 0.67
Gravel substrate — 0.012 0.01 1.48 > 1.0 0.54
Nitrate — 0.092 0.07 1.24 > 1.0 0.45
Fine substrate — 0.006 0.01 0.78 > 1.0 0.34
Flow rate - 0.078 0.09 0.90 > 1.0 0.34
Boulder substrate 0.004 0.01 0.40 > 1.0 0.3
Sand substrate 0.001 0.01 0.15 > 1.0 0.29
Soil type 0.064 0.11 0.57 > 1.0 0.01

Significant environmental factors are highlighted in bold
The P values represent: *P < 0.1; **P < 0.05; ***P < 0.001
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P < 0.001), a higher correlation would have been
expected on the premise that both tools are designed to
detect nutrient levels within a river (Fig. 2).

Water chemistry factors were all at least weakly
correlated with each-other (Fig.2) with moderate
correlations found between N and P (p = 0.61,
P <0.001) and between N and conductivity
(p =0.59, P <0.001).

MTR was moderately negatively correlated with
alkalinity but weakly negatively correlated with P and
N levels. The LPEQR was weakly correlated with P
but not correlated with other chemical factors (Fig. 2).
A weak correlation between MTR and slope
(p = 0.34, P < 0.001) and a weak correlation between
LPEQR and substrate (gravel) (p = 0.36, P < 0.001)
were found. Pairwise comparisons between nutrient
levels and macrophyte richness and diversity show
that, although significant, they were only weakly
correlated (Fig. 3), i.e. a weak correlation between N
and macrophyte richness and diversity (p = 0.14,
P =0.0258; p = 0.15, P = 0.0192 respectively) and a
weak correlation between P and macrophyte richness
and diversity (p = 0.0.15, P =0.0168; p =0.15,
P = 0.0138 respectively).

Differences in environmental factors and MTR
and LPEQR scores between the phytosociological
plant communities

Significant differences in MTR and LPEQRs values
and environmental factors (both physical and chem-
ical) were found between some (not all) phytosocio-
logical communities using ANOVA. Tukey’s post hoc
test identified which communities were significantly
different from each other in terms of these factors, and
an NMDS plot summarises the distribution of macro-
phyte communities across the environmental gradients
(Fig. 4). Moss dominated communities are found
where there is higher slope and coarser substrate
towards the right side of the plot, vascular plants are
more dominant in finer substrate and deeper waters
towards the left side of the plot. Water chemistry plays
as arole in community distribution, but N and P do not
seem to have any major influence above non-nutrient
factors. MTR appears to have a stronger influence
within the plot, however its correlation with alkalinity
must be taken into consideration here.

Significant differences in water chemistry were
found; N (NO3) levels (F =7.63), P (F = 7.40),
conductivity (F = 11.17) and alkalinity (F = 10.23)

20 40 60 80 100 250 6 0.8 100 400 700
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= 1B O
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Fig. 2 Multiple pairwise comparisons showing the relationship between MTR, LPEQR and available water chemical factors with

corresponding Spearman rho p and adjusted P values
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Fig. 3 Multiple pairwise comparisons showing the relationship between N and P and macrophyte richness and diversity with

corresponding Spearman rho p and adjusted P values

(where P < 0.05, DF =15) (Fig.5). MTR and
LPEQR were significantly different between some
communities (MTR: F =19.91, P < 0.05, DF = 15;
LPEQR: F=7.19, P <0.05, DF =15) (Fig. 6).
There were also significant differences in slope,
channel depth and width, substrate type and altitude
between some of the communities (where P < 0.05,
DF = 15) (Fig. 7).

The significant differences found between the plant
communities were mostly due to a combination of
environmental factors, a full breakdown of where the
significant differences lie is found in Appendix 2.
There was rarely a significant difference between
communities in terms of MTR and LPEQRs values
that corresponded to nutrient levels alone. Exceptions
however were found: (1). Between the two bryophyte
communities, Leptodictyo riparii-Fissidentetum cras-
sipedis and the Scapanietum undulatae where NO;
levels, MTR and LPEQR values were significantly
different. (2). Between two vascular plant communi-
ties, Ranunculetum fluitantis and Rorippo-Phalaride-
tum arundinaceae where P levels, MTR and LPEQR
values were significantly different (3). Between
Myriophylletum alterniflori and Rorippo-

Phalaridetum arundinaceae where NOj3 levels, MTR
and LPEQR values were significantly different. This
equates to just 3 out of the 53 instances (5.6%) where
MTR was found to be significantly different and
indicating nutrient levels alone. The other instances
where MTR was found to be significant corresponded
to significant differences in non-nutrient factors, or
where no other difference was found (52.8%; 28
instances) and the remaining 41.5% (22 instances)
were corresponding to a combination of both nutrient
and non-nutrient factors.

Similarly, the above examples equate to just 3 out
of the 25 instances (12%) where LPEQRs were
significantly different and indicating nutrient levels
alone. Some 36% (9 instances) where LPEQRs were
found to be significant corresponded to significant
differences in non-nutrient factors, or where no other
difference was found and the remaining 52% (13
instances) corresponded to a combination of both
nutrient and non-nutrient factors.
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Discussion

The importance of N and P in relation to other
environmental factors

Fig. 5 Boxplots of communities in relation to their associated »
chemical factors: A alkalinity; B nitrates; and C orthophos-
phates, (conductivity not included as it was highly correlated
with alkalinity). Significant differences between these factors
and corresponding communities are found in Appendix 2

Gravel Substrate

MTR

Scapanietum undulatae

-+

Brachythecio rivularis-Hygrohypnetum luridi

Nymphaeo albae-Nupharetum luteae

- Veronico beccabungae-Callitrichetum stagnalis + LEAFPACS?2 EOR ‘ ‘
= Ranuncilstunl Riian + Fontinaletum antipyreticae
> Chiloscyphetosum fontinaloidi
< ~ Schoenoplectetum lacustris Myriophylletum alternifiori
8 leoen&Spargar\j;it':T neglecti -+ Slope
z Alkalinity Boulder substrate
= Conductivity Fine sediment Channel depth Oxyrrhynchietum rusciformis
+ +Onhophospha!e
Lemnetum

Rorippo-Phalaridetum arundinacea

Sagittario sagittifoliae-Sparganietum emersi

Leptodictyo riparii-Fissidentetum

NMDS Axis 1

Fig. 4 NMDS plot summarising macrophyte community distribution across environmental gradients. The centroids represent each of
the 16 macrophyte communities and overlay vectors represent the environmental factors

Model averaging of the negative binomial model
indicated that although P levels had a significant
influence on macrophyte richness within a river
stretch, it was altitude, slope, geology, alkalinity and
conductivity (being strongly correlated with alkalin-
ity) that had the greatest significant influence. Other
physical factors, channel width and depth, also played
a significant role. N levels had no significant influence
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on macrophyte richness. These results would indicate
that river macrophyte richness has a greater response
to both physical and non-nutrient factors than to water
-column nutrient levels such as N and P. This has also
been found in other studies (e.g. Demars & Thiébaut,
2008; Szoszkiewicz et al., 2014). Alkalinity has been
found to be an important chemical factor in distin-
guishing bryophyte species richness and community
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Fig. 6 Boxplots of communities and corresponding for: A MTR and B LEAFPACS?2 EQRs. Significant differences between these

factors and corresponding communities are found in Appendix 2

composition (Sekulova et al., 2011) and likewise for
vascular plant distribution in rivers at lower elevation
(Lewin & Szoszkiewicz, 2012; Baatrup-Pedersen
et al., 2017).
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No factors in this study were found to significantly
influence macrophyte diversity. Macrophyte diversity
did not reflect changes in either physical or chemical
conditions, nor was an indicator of ecological status.
This would suggest that there are changes in species
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composition rather than species diversity in response
to environmental conditions, e.g. the more sensitive
species are replaced when there are either physical or
chemical changes, rather than a reduction in species
diversity. Significant differences in macrophyte diver-
sity have been found in other studies however, relating
to anthropogenic pressures (Camargo, 2018), while
others point out that biodiversity may be restricted by
poor physical conditions rather than water quality
(Baatrup-Pedersen & Riis, 1999). There was no
evidence in this study that species diversity was
affected in this way. Species diversity is not recom-
mended as a reliable indicator of water quality in
rivers (Thiébaut et al., 2002; Szoszkiewicz et al.,
2017). Instead, diversity loss seems to occur when
there is extreme nutrient enrichment over long periods
of time (Steffen et al., 2013). It has been suggested that
although macrophytes respond primarily to environ-
mental factors other than nutrients, water quality
assessment tools that are designed to detect nutrient
enrichment are still useful and reliable (Szoszkiewicz
et al., 2014). Other studies suggest that assessment
tools that target phosphorus are ambiguous due to the
stronger response of macrophytes to other factors
(Demars & Thiébaut, 2008; Demars et al., 2012;
Baatrup-Pedersen et al., 2017).

Assessment of the efficiency of macrophytes
to detect changes in N and P through MTR
and LEAFPACS2

The sensitivity of MTR was recognised as being more
of an indicator of phosphate levels (Dawson et al.,
1999) rather than nitrates although Demars and Harper
(1998) did find a significant but weak correlation with
N levels. A weak significant Spearman rank correla-
tion was found in this present study between MTR and
N levels (p = — 0.42) while there was no correlation
found between N and LPEQR. Both MTR and LPEQR
significantly correlated with P, but correlations were
also weak (p = —0.46 and p = — 0.39 respectively)
as has been found in other studies on MTR (Demars &
Harper, 1998) and LEAFPACS (Demars et al., 2012).
MTR values in this study were more strongly corre-
lated with alkalinity and conductivity than either N or
P and there was also a weak correlation with slope.
These have been recognised issues with MTR (Daw-
son et al., 1999; Thiébaut et al., 2002) and proposals
were made to only compare rivers that were physically
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similar (Baatrup-Pedersen et al., 2006; Szoszkiewicz
et al., 2017) to eliminate the response to physical and
non-nutrient chemical changes. The LEAFPACS2
method attempted to address these issues and
accounted for other factors such as alkalinity, slope
and distance from source in the metric calculations to
isolate the effects of nutrients in their metrics (WFD-
UKTAG, 2014). The results here, would suggest that
these measures were successful as no correlation was
found between LPEQR and alkalinity or slope
(although a weak correlation was found between
LPEQR and gravel substrate). Other studies have
shown that N and P still only accounted for a very
small proportion of the variability in plant communi-
ties (Demars et al., 2012) and that intrinsic and
geographical variability still prevails in methods that
use either trophic indices (such as MTR) or more
complex metrics (such as LEAFPACS2) (Baatrup-
Pedersen et al., 2006). It is claimed that many indices
(including LEAFPACS2 and MTR) have failed to
isolate the effects of nutrient enrichment from other
physical and non-nutrient chemical factors (Demars
et al., 2012) and this seems to be the case in this study.
If one had to choose between MTR or LEAFPACS?2
however, LEAFPACS2 seems a more suitable option
for water quality analysis in terms of nutrients than
MTR as there are fewer co-correlations with other
factors but remembering that the correlation to
phosphate levels is weak.

The relationship between MTR, LEAFPACS
and environmental conditions within Irish river
vegetation communities

There were significant differences in MTR and
LPEQR scores between some of the bryophyte
communities however, there was little evidence of a
relationship between the MTR/LPEQR scores and any
significant differences in nutrient levels. This is
surprising as bryophytes are considered important
and sensitive bioindicators (Balazi & Hrivnak, 2015).
There was one exception, the Leptodictyo riparii-
Fissidentetum crassipedis was found to be signifi-
cantly different in N levels compared to Scapanietum
undulatae and also significantly different in both MTR
and LPEQR scores. This community is characterised
by Leptodictyum riparium (Hedw.) Warnst. which is
known to be an indicator of nutrient-enriched condi-
tions (Holmes et al., 1999; Porley & Hodgets, 2005)
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while the other bryophyte communities in this study
including the Scapanietum undulatae tend to prevail in
waters that are nutrient poor. A recognised weakness
in MTR assessment is that there are a low number of
trophic indicator species for upland streams (Szosz-
kiewicz et al.,, 2007; Demars et al., 2012) where
bryophytes are more likely to prevail, a higher number
of bioindicators decreases the risk of status miscalcu-
lation (Szoszkiewicz et al., 2007), this could be a
contributory factor to the lack of correspondence
between the assessment scores and nutrient levels in
bryophyte-dominated streams. There were only a few
factors that were found to be significantly different
between the bryophyte communities, this is most
likely due to the fact that most bryophyte communities
in this study are from similar types of habitats of
higher slope, rocky substrate and lower nutrient levels.
The greatest significant differences in environmental
conditions, e.g. slope and channel depth were between
the bryophyte and the vascular plant communities.
Most of the significant differences in MTR and
LPEQR were also between bryophyte and vascular
plant communities but these did not necessarily
correspond to significant differences in N and P alone.
Most significant differences were found to be due to a
combination with other factors such as alkalinity and/
or conductivity, and not necessarily nutrient status.
This suggests that environmental factors, including N
and P are not easily isolated from each other and that
environmental factors effect macrophyte distribution
synergistically (Friberg et al., 2011).

In this study, the greater number of significant
differences were found between macrophyte commu-
nities that are known to be very different in terms of
habitat, nutrient status and macrophyte morphology.
Where nutrient levels were found to be significantly
different between two communities, other non-nutri-
ent factors were also found to play a significant role in
community differentiation. There was a significant
difference, for example, in the MTR and correspond-
ing P levels between the Nymphaeo albae-Nuphare-
tum luteae (lowland vascular plant community) and
Scapanietum undulatae fontinalietosum squamosae
(upland bryophyte community). However, other fac-
tors, both physical (slope) and chemical (alkalinity)
also played a significant role in differentiating these
two communities. Likewise, there were notable signif-
icant differences in MTR values and P levels between
the two vascular plant communities, Myriophylletum

alterniflori and Nymphaeo albae-Nupharetum luteae.
These communities are known to prevail in very
different conditions, the Myriophylletum alterniflori in
fast-flowing, oligotrophic waters and the Nymphaeo
albae-Nupharetum luteae in slow/still, nutrient-rich
waters.

Significant environmental differences between
other vascular plant communities were fewer. The
likely reason for this is that a range of these vascular
plant communities occur in the lower reaches where
nutrient levels are generally higher and physical
conditions similar, e.g. slower flow and finer sediment,
e.g. the Rorippo-Phalaridetum arundinaceae, Sagit-
tario sagittifoliae-Sparganietum emersi and Glycerio-
Sparganietum neglecti. This makes distinction
between the environmental factors including nutrients,
within these communities more difficult.

Implications for using macrophytes for ecological
quality assessment

Macrophytes and their associated communities pro-
vide a valuable indication of a combination of
prevailing environmental conditions, but it is difficult
to target one causal factor (Dawson & Szoszkiewicz,
1999; Thiébaut & Muller, 1999). It has been shown in
this study and others that nutrient levels are not the
most influential factors on macrophyte richness or
distribution (Matson, 2006; Demars et al., 2012).
Macrophytes show a high degree of natural variability
(Schaumberg et al., 2004) making assessment tools
based on macrophytes difficult to perfect.

Furthermore, indications from this study would
suggest that MTR and LPEQRs and hence their
macrophyte indicators are not necessarily picking up
changes in nutrient levels alone but also reflect a
combination of changes in prevailing conditions. As a
result, one might be better served by using macro-
phytes as indicators of overall ecological status that
includes a combination of factors, not just trophic
levels alone (Schaumberg et al., 2004).

Communities that were very distinct from one
another were effective at bioindication of a combina-
tion of environmental changes, these communities
tended to be at opposite ends of the ecological
spectrum (e.g. Myriophylletum alterniflori versus
Nymphaeo albaeNupharetum luteae). More subtle
changes between communities of similar habitat and
conditions were not so easily detected, suggesting that
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macrophyte communities and indicator species give us
an estimation of ecological changes on a broad scale
but not on a fine scale (Demars & Harper, 1998).

To detect changes on a finer scale, the examination
of growth form and plant traits may provide more
information on prevailing conditions. For example, no
apparent significant environmental differences were
found between the Rorippo-Phalaridetum arundi-
naceae and the Sagittario sagittifoliae-Sparganietum
emersi as both occur in lowland slower flowing rivers
with finer substrate and higher nutrient levels. Studies
would suggest that substrate type and flow is one of the
key factors in macrophyte distribution (Baatrup-Ped-
ersen & Riis, 1999; Matson, 2006) and if this is the
case here, changes will be hard to detect between these
two communities. If the macrophyte morphology is
examined however, notable differences can be found.
For example, the Rorippo-Phalaridetum arundi-
naceae is dominated by Phalarus arundinacea L. a
tall emergent/marginal grass that tolerates occasional
flooding, whereas the Sagittario sagittifoliae-Spar-
ganietum emersi is either dominated by Sagittaria
sagittifolia L. and/or Sparganium emersum L. both of
which possess permanently submerged strap-like
leaves and emergent leaves that are morphologically
different. There is evidence to suggest that examining
plant morphology and plant traits, along with species
abundance and assemblages can be more successful in
determining both anthropogenic disturbance and
hydrological changes (Daniel et al., 2006; Moncao
et al., 2012). Conversely, river plants can also have a
direct effect on channel structure and increase habitat
heterogeneity (O’Briain et al., 2017) and some can
species act as landform engineers (Gurnell, 2014).

Another consideration would be to take aquatic
algae into account, this group is not always recorded
consistently during river vegetation surveys (Balazi &
Hrivndk, 2015; Weekes et al., 2018a) despite algae
being an essential component of river vegetation
(Balazi & Hrivnak, 2015) and sensitive to nutrient
enrichment (Blum, 1956). Anecdotal evidence from
3 years of river macrophyte surveying by the author
would indicate that the proportion of growth of
macroalgal species within both vascular plant and
bryophyte communities is important in reflecting
trophic changes in a river stretch. Algal cover is
included in the metrics of some freshwater assessment
tools, however, there is no consistency as to what %
algae cover best reflects trophic changes. For example,
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the reference value (high water quality) for algal cover
is set as 0.05% within the LEAFPACS2 method;
moderate river water quality is indicated by an algal
cover of > 50% in the CBAS (Canonical Correspon-
dent Analysis (CCA)-Based Assessment System
(NSSHARE, 2008), while a cover of 5% was set for
the threshold of good/moderate in the ‘Rapid Assess-
ment of PeriPhyton Ecology in Rivers’ (RAPPER
method) (Kelly et al., 2016). This shows there is plenty
of scope for further research on this topic.

Conclusions

It is difficult to attribute changes in macrophyte
distribution to any one environmental factor as
macrophytes and their communities tend to respond
to a combination of factors. Macrophytes are not
necessarily the most efficient taxonomic group to
apply when focussing on trophic changes alone. This
has implications for the use of water quality assess-
ment tools such as the MTR and LEAFPACS?2 that
endeavour to indicate nutrient enrichment based on
macrophytes alone. Both methods were found to be
only weakly correlated with nutrient levels and tend to
indicate a combination of environmental differences.
The value of macrophytes in informing ecological
assessment might be best focussed on either their use
as indicators of overall quality or ‘health’ of a river
channel (encompassing both physical structure and
chemical properties of water) or enhancing their use as
trophic indicators by combining information on plant
species traits and integrating macroalgae genera/
species more comprehensively into survey methods
and assessment calculations.
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