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What is the most efficient and effective method
for long-term monitoring of alpine tundra
vegetation?

Steven D. Mamet, Nathan Young, Kwok P. Chun, and Jill F. Johnstone

Abstract: Nondestructive estimations of plant community characteristics are essential to
vegetation monitoring programs. However, there is no universally accepted method for
this purpose in the Arctic, partly because not all programs share the same logistical con-
straints and monitoring goals. Our aim was to determine the most efficient and effective
method for long-term monitoring of alpine tundra vegetation. To achieve this, we estab-
lished 12 vegetation-monitoring plots on a south-facing slope in the alpine tundra of south-
ern Yukon Territory, Canada. Four observers assessed these plots for vascular plant species
abundance employing three methods: visual cover (VC) and subplot frequency (SF) estima-
tion and modified point-intercept (PI) (includes rare species present but not intersected by
a pin). SF performed best in terms of time required per plot and sensitivity to variations
in species richness. All methods were similarly poor at estimating relative abundance for
rare species, but PI and VC were substantially better at high abundances. Differences among
methods were larger than among observers. Our results suggest that SF is best when the
monitoring focus is on rare species or species richness across extensive areas. However,
when the focus is on monitoring changes in relative abundance of common species, VC or
PI should be preferred.

Key words: point-intercept, subplot frequency, visual cover estimation, alpine, vegetation
monitoring.

Résumé : Les estimations non destructives des caractéristiques des associations végétales
sont essentielles aux programmes de surveillance de la végétation. Il n’y a cependant pas
de méthode universellement acceptée a cette fin dans le cas de I’Arctique, en partie parce
que tous les programmes ne partagent pas les mémes contraintes logistiques et les mémes
objectifs de surveillance. Notre but était de déterminer la méthode la plus efficace et effi-
ciente en ce qui a trait a la surveillance a long terme de la végétation alpine de la toundra.
Dans le but de réaliser ceci, nous avons déterminé 12 parcelles de surveillance de la végéta-
tion sur un versant sud de la toundra alpine dans le sud du Territoire du Yukon, Canada.
Quatre observateurs ont évalué des espéces de plantes vasculaires dans ces parcelles en
employant trois méthodes : 1’estimation visuelle de la couverture (VC) et de la fréquence
dans la parcelle secondaire (FS) et le point d’intersection modifié (PI) (comprend les especes
rares présentes, mais non interceptées au moyen d’une tige). La méthode FS a donné les
meilleurs résultats en matiére du temps requis par parcelle et de sensibilité aux variations
de la richesse des espéces. Toutes les méthodes étaient similairement médiocres dans
I’estimation de I’abondance relative des espéces rares, mais les méthodes PI et VC étaient
considérablement meilleures en matiere des abondances élevées. Les différences entre les
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méthodes étaient plus grandes que celles entre les observateurs. Nos résultats suggérent que
la FS est meilleure lorsque 1’accent de la surveillance est mis sur les espéeces rares ou la
richesse des especes sur de vastes régions. Néanmoins, lorsque I’accent est mis sur la surveil-
lance des changements de I’abondance relative des espéces communes, on devrait favoriser
VC ou PL.

Mots-clés : point d’intersection, fréquence dans la parcelle secondaire, estimation visuelle de la
couverture, alpin, surveillance de la végétation.

Introduction

Recent rapid temperature increases are affecting the structure and function of arctic plant
communities (Sturm et al. 2001; Walker et al. 2006). However, our understanding of these
effects is limited by insufficient long-term monitoring (Hudson and Henry 2010). Nondestruc-
tive estimations of plant community characteristics are essential to monitoring programs, as
they allow for repeated measurements over time (Chen et al. 2009; Kopecky and Macek 2015).
However, there is no universally accepted method for this purpose in the Arctic, partly
because not all monitoring programs share the same logistical constraints and monitoring
goals (e.g., Roberts-Pichette and Gillespie 1999; Carlson et al. 2013). For example, where
time is especially limiting (e.g., the objective is sample a wide breadth of sites in a brief
time period), a time-efficient method (Archaux et al. 2006) or one that requires less observer
training (Archaux et al. 2009) may be desired. When monitoring for rare species, the sensitiv-
ity of a method to species richness may be more important than its ability to precisely mea-
sure abundance (Stohlgren et al. 1998), while the reverse may be true when monitoring for
changes in species dominance or abundance (Vittoz and Guisan 2007). Reproducibility among
observers is a critical consideration for studies of broad temporal or spatial scope but less
important when designing small-scale studies (Beard et al. 1999). Since the best monitoring
method may be project specific, understanding the strengths and weaknesses among meth-
ods is important for designing a successful monitoring program.

While different monitoring projects vary in their definition of “abundance” (e.g., see
Kent 2011), many are interested in estimating aboveground plant biomass. Since this a
destructive measure, a nondestructive proxy is needed to facilitate multiyear measure-
ments. Point-intercept (PI), visual cover (VC), and subplot frequency (SF) are common meth-
ods of estimating plant abundance in arctic and alpine tundra (see Mueller-Dombois and
Ellenberg (1974) for a description of methods). Across a broad range of ecosystem types,
VC and SF are generally more time efficient than PI (Stampfli 1991; Brdkenhielm and
Qinhong 1995; Prosser et al. 2003). However, some studies of low-stature vegetation in
alpine (Friedmann et al. 2011) and plains (Symstad et al. 2008) environments provide evi-
dence for the contrary, and no method has been proven ideal in all situations (Kent 2011).
SF and VC may have a greater species detection rate than PI (Symstad et al. 2008; Friedmann
et al. 2011), which can miss rare species simply due to random sampling error, although PI
detection error can be mitigated by recording of rare species, which is the case in our study.
Several studies have assessed the agreement between estimates of abundance and biomass
for VC (Krebs et al. 2003; Muukkonen et al. 2006) and PI (Jonasson 1988; Frank and
McNaughton 1990), but few studies have assessed this relationship for SF or compared
agreement among methods. VC typically has low reproducibility among observers (Kennedy
and Addison 1987; Klimes 2003; Helm and Mead 2004) and cover estimates may not be indic-
ative of true values (Floyd and Anderson 1987). Yet some studies have reported VC to be
more reproducible than PI (Dethier et al. 1993; Symstad et al. 2008) and (or) SF (Brdkenhielm
and Qinhong 1995). Efforts to improve the power and efficiency of tundra monitoring pro-
grams would thus benefit from further comparative studies that assess factors like observer
bias, measurement agreement, and time requirement across multiple methods.
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Faced with the challenge of identifying an optimal method of vegetation monitoring for
a new field experiment (Johnstone et al. 2013), we designed a study to compare the perfor-
mance of PI, VC, and SF in the context of nondestructive, long-term monitoring of alpine
tundra vegetation. We destructively harvested sample plots at the end of the study to
compare these nondestructive field methods against an absolute measure of abundance,
namely vegetation biomass. We were particularly interested in which methods were most
time-efficient and effective at estimating species composition and biomass for monitoring
changes in alpine tundra vegetation. We directly compared PI, VC, and SF in terms of (i)
field sampling time, (ii) sensitivity to species richness, (iii) agreement in estimating species
abundance across different growth forms or abundance groups, and (iv) reproducibility
among observers. In addition to informing our own monitoring decisions, our results con-
tribute valuable information on matching measurement methods to monitoring objectives
that is applicable to other research in low-stature tundra communities.

Methods

Study site and experimental design

We conducted the study in alpine tundra (1560 m asl) near Whitehorse, Yukon, Canada,
at Wolf Creek (60°33.6’ N, 135°7.8' W (Fig. 1). Previously glaciated, rounded mountain ridges
in the area are overlain by fractured rock and glacial till and support tundra communities
typical of midarctic shrub-heath or alpine fellfield communities (Bliss and Matveyeva 1992).

Fig. 1. Location of the study area on a south-facing slope near Whitehorse, Yukon Territory, Canada. The 12
vegetation plots investigated in this study were established immediately downslope of the vegetation-monitoring
site depicted in the photograph. The wind turbine in the photograph is approximately 6 m in height. Photograph
taken 14 July 2013.
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The site was dominated by low shrubs Dryas octopetala L., Salix reticulata L., and Salix arctica
Pall., and abundant ground lichens. The vascular plant community included 35 other low-
growing shrubs, forbs, grasses, and sedges that are common across North American arctic
and alpine environments (Molau and Mglgaard 1996; Arft et al. 1999; Pieper et al. 2011).

Twelve vegetation plots were selected within a 4 ha area to capture the range of vegeta-
tion structure (10%-60% low-stature vascular plant cover ranging in aboveground biomass
from 13.4 to 158.1 g/m?) and dominant growth forms (forbs, graminoids, and shrubs) in
low-shrub tundra near two established experimental sites (cf. Pieper et al. 2011; Johnstone
et al. 2013; Fig. 1). Six plots were randomly selected along a transect running parallel to
the slope contour (approximately east-west) adjacent to the experimental sites. An addi-
tional six plots were selected from the upper (n = 3) and lower (n = 3) portions of the hill-
slope using random compass bearings and distances from an arbitrary central point to
capture the broader range of vegetation patches present across the hillslope.

Field observations

We collected vegetation data in mid-July 2011 within the period of fully expanded leaves
for plants at the site. Kent (2011) recommends minimum plots sizes of 0.5 m x 0.5 m for
bryophyte and lichen communities and 1m x 1 m to 2 m x 2 m for grassland and dwarf
heaths. Considering the range in plant types in our plots and maximum patch sizes
(0.6 m?), we feel 1 m x 1 m plots were an appropriate size given the nature of the vegetation
at the study site. Twelve 1 m x 1 m vegetation sample plots were assessed for vascular plant
species abundances by (i) four observers using VC and SF, (ii) two of the four observers using
a modified PI approach (see below), and (iii) being destructively sampled at the end of the
observation period to obtain a direct measure of plant biomass that we used as a measure
of “true” plant abundance (sensu MacDonald et al. 2012). The sampling sequence occurred
in a haphazard order without preconceived bias. The unbalanced sampling design between
i and ii above arose due to the constraints of field logistics, as two of the four observers were
needed to complete other field research tasks. We recorded the time required for plot sur-
vey for all combinations of observers, methods, and plots.

Four observers with three experience levels participated in this study. Observer 1 had
extensive experience with the use of methods (>20 years of arctic plant identification expe-
rience) as well as with identification of plant species at the site. Observer 2 was a novice
observer who had received detailed training in plant identification prior to the study
(<1 year of plant identification experience). These two observers used all methods.
Observers 3 and 4 had no explicit training with methods or plant identification until at the
site and only used VC and SF. To minimize discrepancies in the analysis resulting from the
incorrect identification of plant species, we provided all observers with species lists and
voucher specimens of species collected previously at the site.

For SF measurements, a 1 m x 1 m quadrat was divided into 10 subsections measuring
0.5 m x 0.2 m and was placed on the surface of the plot. Species frequency was recorded
as the number of subsections in which that species occurred (including at least one entire
green leaf of the species); hence, SF scores ranged from 0 to 10 for each species (Kent
2011). When using this method, no community parameters other than the SF scores of vas-
cular plant species were recorded.

Using VC, observers visually estimated the portion of ground that was covered by green
tissue of a given species, as viewed from directly above the plot (Kent 2011). The abundance
of lichens, mosses, litter, and bare rock was also recorded to ensure that total abundance
summed to approximately 100%, but these categories were not analyzed further.
Abundance was estimated to the nearest 1% (1 dm?) for all species except those with total
cover <1 dm? which were assigned a value of 0.1% (0.1%-0.4%) or 0.5% (0.5%-0.9%)
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(Kent 2011). This approach represents a compromise between reasonably sensitive detection
of rare species and moderate measurement times (Mueller-Dombois and Ellenberg 1974).
We chose not to use categorical cover scales like cover abundance (Braun-Blanquet 1932),
Domin-Krajina cover (Krajina 1933, cited in Mueller-Dombois and Ellenberg 1974), or canopy
coverage (Daubenmire 1959) because we explicitly wished to compare observer error
across a broad cover range (1% to up to 60%) using a common level of precision (to the
nearest 1%).

Our PI measurements were made by recording all intersections of a pin with green veg-
etation (by species) as the pin was lowered to the soil surface (Molau and Mglgaard 1996). Pin
intersections at 100 evenly spaced points were recorded within each plot using a gridded 1
m x 1 m frame positioned directly above the plot on four adjustable legs (Kent 2011). Pin con-
tacts with woody, standing dead vascular plant tissue, as well as lichens, mosses, litter, and
bare rock, were recorded but not included into our analyses. The greatest drawback of PI is
that it can miss species, particularly rare ones (Dethier et al. 1993; Brikenhielm and
Qinhong 1995). To assist detection of rare species and intermethod comparison, we modi-
fied the PI method so that vascular plant species present in the plot but not intersected
by a pin were assigned a value of one hit (Molau and Mglgaard 1996). To reduce observers’
influence on each other’s work, the point frame was repositioned between surveys, even
when on the same plot.

Biomass is often a principle factor of interest when relating changes in vegetation to eco-
system implications (e.g., Sturm et al. 2001; Chen et al. 2009) and there are few, if any, alter-
natives to biomass for investigations of community structure (Chiarucci et al. 1999).
Therefore, we used biomass as our reference standard of “true” plant species abundance
and richness in evaluating the performance of different methods and observers in this
study. Accordingly, once all of the nondestructive measurements had been completed, all
aboveground biomass was removed from plots using hand clippers. The green biomass
(live, nonwoody tissue) was later sorted by species in the laboratory, dried at 60°C for 48 h,
and weighed to the nearest 0.001 g to capture biomass variations even at the lowest end of
the abundance range.

Data analyses

To test differences among observers and methods with respect to time requirements and
number of species detected in each plot (species richness), we used generalized linear
mixed models in different levels of grouping factors and plot as a random effect using
the R package nlme version 3.1-119 in R version 3.2.2 (Pinheiro et al. 2015; R Core Team
2016). Significant ANOVA results were followed by Tukey’s honestly significant difference
(HSD) test to identify pairwise differences among methods when significant main or inter-
active effects were detected. As only two observers performed estimates using PI, while four
used VC and SF, these analyses were repeated twice: (i) considering only Observers 1 and 2
but all three methods and (ii) considering all four observers but only the SF and VC meth-
ods. For the species richness analyses, we included true richness (obtained from biomass
harvest) in the methods comparison.

We used Pearson’s correlation coefficient (r), estimated from linear regression, to assess
the effect of method on sampling agreement, defined as the relationship between a species’
estimated abundance and its actual measured biomass. We estimated sensitivity of the
methods to variations in biomass as the slope of the linear regression line. Raw estimates
of relative abundance (cover, pin intersections, or SF) were standardized by the maximum
observed value for that method, so all methods had the same range [0,1], allowing us to com-
pare parameter estimates between methods. Species estimates that had no corresponding
biomass measure (likely due to small variations in plot positioning) were excluded from
these analyses. As there were two plots where one species was not captured by the biomass
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harvest (2/(44 species x 12 plots) = 0.4%), we feel this decision had a negligible effect on the
results. Biomass was used as the measure of actual abundance and also standardized to a
proportion of the maximum observed biomass prior to analysis. This allowed direct com-
parison of linear regression parameters among methods.

There were obvious departures from homoscedasticity present in the data that we could
not resolve using common data transformations (such as log, square root, etc.). To remedy
this, we rank-transformed both the actual and estimated abundance data and compared
regression parameters among methods and observers. Rank transformation is a conserva-
tive method that may alleviate problems caused by outliers and skewed data distributions
that may bias results of linear regression on untransformed data (Iman and Conover
1979). As the regression results from both the rank-transformed and standardized data
did not significantly differ from one another, here we only present the results of the
untransformed regression analyses.

To facilitate coherent comparisons of model parameters among species or groups, we
used linear models with the intercepts set at zero. The slope and correlation coefficient of
the regression between actual and estimated abundance were estimated separately for each
species or group (depending on the analysis), observer, and method. Species were grouped
into abundance classes corresponding to a logarithmic scale of mean biomass: high (mean
> 10 g/fm?), medium (1 < mean <10 g/m?), low (0.1 < mean <1 g/m?), and trace (mean < 0.1 gfm?).
We also grouped species into general growth form types corresponding to shrubs (plants
with woody stems and deciduous or evergreen leaves), graminoids (herbaceous monocots in
the Poaceae, Juncaceae, or Cyperaceae family), and forbs (nongraminoid, herbaceous dicots).

To compare the reproducibility of estimating plot-level composition, we calculated Bray—
Curtis (Bray and Curtis 1957) and Morisita-Horn (Horn 1966) similarity indices among observers
and between observers and biomass harvest for each plot. Plant species were first grouped by
growth form (i.e., shrubs, graminoids, and forbs) and then similarity indices were computed
using abundance data for all species within a type. The Morisita—Horn index is more sensitive
to the abundance of the most abundant species, whereas the Bray—Curtis index is more sensi-
tive to species richness (Magurran 1988). A paired t-test, where each plot was a sample, was used
to compare the compositional similarity of the observers among sampling methods.

To address potential issues related to small sample sizes, we employed a post hoc power
analysis using the R package pwr version 1.1-3 (Champely 2015). The analysis suggested we
had between a 72% and 99% chance of detecting a significant difference among methods
or observers, depending on the statistical test — near the suggested benchmark of 80%
(Cohen 1988). Given the relatively high power (>70%) of our statistical tests and that bench-
marks should be treated with caution (Nakagawa and Cuthill 2007), we feel reasonably con-
fident in our ability to make accurate inferences from our data set.

Results

Time requirement

The time required to estimate species abundance for the three different methods ran-
ged from 3 to 40 min among all plots (Fig. 2). Measurements using the PI method typically
required 20-30 min to complete per plot, SF took on the order of 5-10 min, and VC typi-
cally took 5-20 min. When comparing time requirements across all three methods (Obser-
vers 1 and 2 only), the effect of method (F,es = 85.103, P < 0.001) was large relative to
observer effect (F; g6 = 4.236, P = 0.044); there was no significant interaction between meth-
od and observer (F, ¢ = 1.472, P = 0.237). For these two observers, the mean time required
to perform PI (23.4 £ 1.0 min, mean * SE) was significantly greater than the mean time
required to perform VC (8.6 £ 1.5, Tukey test: P < 0.001) and SF (6.3 £ 0.4, P < 0.001). Within
a method, there were no significant differences among observers for PI or SF (P > 0.062).
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Fig. 2. Boxplot summary of time required to complete vegetation sampling at plots in relation to observer and
method. Letters below the boxplots indicate significant differences (P < 0.05) between methods as determined by
generalized linear mixed models, and letters above the observer legend indicate significant differences (P < 0.05)
between observers. Methods or observers that share a letter are not significantly different. Asterisks indicate
significant differences within methods (P < 0.05).
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Using the VC method, Observer 4 typically took 8.2 min longer (F5 44 = 4.433, P = 0.006)
than Observer 1 to complete a plot (Fig. 2).

When considering all observers (SF and VC methods only), the main effects of method
and observer were of similar strength, without a significant interaction (method, F; g3 =
5.058, P = 0.027; observer, F; gg = 5.496, P = 0.002; method x observer, F; gg = 0.797, P = 0.499).
The mean time required to perform VC was greater than the mean time for SF (10.2 + 0.9
versus 7.6 0.8, P = 0.027) (Fig. 2). Among observers, the mean time required for Observer 4
to perform estimates (12.8 min) was greater than the mean time for Observers 1 (6.5 min,
P =0.001), 2 (8.3 min, P = 0.039), and 3 (7.9 min, P = 0.018) (Fig. 2).

Species richness

Species richness determined from the biomass harvest (i.e., true richness) ranged from
9 to 18 vascular plant species/m? (Fig. 3). Species richness estimated by SF was comparable
to true richness (P = 0.101), while PI and VC significantly underestimated species richness
(P < 0.001). Richness estimates from SF and PI did not differ from each other (P = 0.187)
and gave estimates that were closer to the estimates from the biomass harvest. VC gave sig-
nificantly lower estimates of richness than SF (P < 0.001) but was comparable to PI (P = 0.342)
(Fig. 3). Estimates of species richness did not differ significantly among observers (P > 0.050),
but varied between observers 2—4 and the biomass harvest (P < 0.001). Only species estima-
tions by Observer 1 were similar to the biomass harvest (P = 0.101).

Abundance and biomass agreement

Slopes of regression lines relating estimated relative abundance to relative biomass pro-
vided a measure of agreement (0 = no agreement, 1 = perfect agreement) and did not differ
significantly among observers (P > 0.3) but did show significant differences among methods
(P < 0.004). The SF method performed poorly relative to PI and VC, as indicated by signifi-
cantly shallower regression slopes for SF (P = 0.003), but slopes were similar between PI
and VC (P = 0.55). Similar to regression slopes, correlation coefficients relating estimated rel-
ative abundance to relative biomass indicated no significant differences among observers
(P > 0.9) but significant differences among methods (P < 0.01). Correlation coefficients
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Fig. 3. Boxplot summary of true species richness (i.e., biomass harvest) and species richness estimates obtained
using subplot frequency (SF), point-intercept (PI), and visual cover (VC) estimates. Points represent data recorded by
each observer in each plot. Letters below the boxplots indicate significant differences between methods as
determined by generalized linear mixed models (P < 0.05). Methods that share a common letter are not
significantly different. Richness estimates did not differ significantly among observers (P > 0.050).
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were lowest for the SF method (mean r = 0.64 for four observers), substantially higher for VC
(mean r = 0.95 for four observers), and slightly higher for PI (mean r = 0.97 for two obser-
vers). Because we found no significant differences among observers, we concentrated our
subsequent analyses on methods and plant groups.

When species were split into growth form types (forbs, graminoids, and shrubs), regres-
sion slopes for all three growth form types differed between SF and VC (P < 0.045) but were
similar between PI and the other methods (P > 0.063) (Fig. 4). Correlation coefficients showed
a significant interaction between growth form and method (P = 0.026): shrubs and forbs had
similar correlation coefficients for the PI and VC methods and graminoids had lower correla-
tion coefficients than the other growth forms for all methods (Fig. 4; Table 1).

Species abundance may also affect the relationship between a proxy estimator and actual
species biomass. Analyses of regression parameters by abundance category (all methods
pooled) showed differences in both slope (P < 0.001) and correlation coefficient (P < 0.001).
Regression slopes for abundant species were significantly steeper than for rare species
(Fig. 5). Correlation coefficients also showed a significant interaction between abundance
class and method (P < 0.001), with unique patterns of correlation coefficients across catego-
ries for each method (Fig. 5). SF estimates of plant abundance consistently showed the least
agreement with biomass, with the exception of trace species in which all methods per-
formed poorly (i.e., shallow slopes).

Reproducibility

Forb and shrub growth forms, when observed using PI and VC methods, showed signifi-
cant and high multivariate correlations between observers (r > 0.96, P < 0.001); graminoids
were noticeably lower (r > 0.82, P < 0.001) (Table 2). In contrast, the SF method yielded lower
multivariate correlations (r < 0.70) although it was better for shrubs (r > 0.77).

Discussion and conclusion

Time requirement
Our results suggest that the three methods of measuring plant abundance differ sub-
stantially in the amount of time required to survey an individual 1 m x 1 m plot. SF and
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Fig. 4. Relationships between estimated relative abundance (proportion of maximum observed value) and
relative biomass (proportion of maximum observed value) across different plant growth form types. Each point
represents a species observation within a plot for one of four observers; the shape of the point indicates
(a—c) method (SF = subplot frequency, PI = point-intercept, and VC = visual cover) or (d—f) observer. Regression
lines and slope coefficients () are shown separately for different observers and methods. The solid black line
represents a 1:1 relationship. *P < 0.05, *P < 0.01, and ***P < 0.001 significance. Data were rank-transformed
prior to analysis.
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Table 1. Mean correlation coefficients for regressions of estimated relative plant abundance versus measured
biomass of individual species grouped by measurement method (SF = subplot frequency, PI = modified point-
intercept, VC = visual cover) and growth form (left columns) or cover class (right columns).

Method Forbs Graminoids Shrubs High Medium Low Trace

PI 0.96 (0.00) 0.82 (0.02) 0.96 (0.01) 0.95 (0.01) 0.94 (0.01) 0.84 (0.02) 0.41 (0.01)
VC 0.97 (0.01) 0.82 (0.02) 0.93 (0.01) 0.90 (0.01) 0.91 (0.04) 0.81 (0.04) 0.69 (0.04)
SF 0.61(0.01) 0.54 (0.03) 0.69 (0.02) 0.61 (0.01) 0.52 (0.02) 0.30 (0.01) 0.47 (0.02)

Note: Values are means across species and observers presented with standard errors in parentheses.
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Fig. 5. Relationships between estimated relative abundance (proportion of maximum observed value, x-axis) and
relative biomass (proportion of maximum observed value, y-axis) across different abundance classes based on
mean plot-level species biomass (high: mean > 10 g/fm? medium: 1 < mean < 10 gfm? low: 0.1 < mean < 1 g/m?>
trace: mean < 0.1 g/m?). Each point represents a species observation within a plot for one of four observers; the
shape of the point indicates (a-d) method (SF = subplot frequency, PI = point-intercept, and VC = visual cover) or
(e~h) observer. Regression lines and slope coefficients (f) are shown separately for different observers and methods.
The solid black line represents a 1:1 relationship. *P < 0.05, **P < 0.01, and ***P < 0.001 significance. Data were rank-
transformed prior to analysis.
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Table 2. Correlation and similarity measures between vegetation abundance measures recorded by four observers
using the modified point-intercept (PI), visual cover (VC), and subplot frequency (SF) methods.

PI vC SF

Measure Obs1 Obs2 Obs3 Obs4 Obsl Obs2 Obs3  Obs4  Obsl Obs2 Obs3  Obs4
Corr® 1 0.96 0.98 0.94 0.96 0.95 0.96 0.65 0.66 0.66 0.64
2 0.96 0.96 0.97 0.98 0.96 0.99 0.63 0.67 0.64 0.62
3 0.97 0.98 0.94 0.96 0.95 0.95 0.80 0.82 0.77 0.78
4 0.87 0.82 0.88 0.82 0.84 0.83 0.60 0.67 0.65 0.60

n’ 131 122 129 110 124 111 142 137 138 131

Obs:Obs Obs:Bio Obs:Obs Obs:Bio Obs:Obs Obs:Bio

BC* 14 0.84(0.02) 0.83 (0.01) 0.81(0.01) 0.87 (0.01) 0.89 (0.01) 0.53 (0.01)

2 0.76 (0.03) 0.84 (0.02) 0.79 (0.02) 0.89 (0.01) 0.89 (0.01) 0.58 (0.02)

3 0.91(001) 0.91 (0.01) 0.83 (0.02) 0.90 (0.01) 0.93 (0.01) 0.75 (0.02)

4 0.67(0.05) 0.67 (0.04) 0.62 (0.03) 0.77 (0.02) 0.82 (0.01) 0.67 (0.02)

MH" 1 097(0.02) 0.96 (0.01) 0.96 (0.01) 0.96 (0.01) 0.96 (0.00) 0.64 (0.01)

2 0.92 (0.03) 0.95 (0.02) 0.96 (0.01) 0.97 (0.01) 0.96 (0.01) 0.72 (0.02)

3 0.99 (0.00) 0.95 (0.02) 0.95 (0.02) 0.97 (0.01) 0.98 (0.01) 0.72 (0.02)

4 0.80(0.05) 0.79 (0.05) 0.85 (0.02) 0.88 (0.02) 0.93 (0.01) 0.80 (0.02)

Note: Mean similarity values calculated among observers (Obs:Obs) and between observers and measured biomass (Obs:Bio) using
multivariate abundances are presented with standard errors in parentheses.

“Correlation between plant abundance estimated by each observer (1-4) and biomass (g dry mass/m?) for each plant growth type
such that each point in the correlation analysis represents a unique combination of species and plot. All correlations are significant
at P < 0.001.

Total sample size (number of species x plot observations) for each observer and total abundance comparison (e.g., Obs1:Total
abundance = 18 species abundances observed across 12 plots = 131 observations).

BC Bray-Curtis, MH = Morisita-Horn.

91 = Total abundance, 2 = forb abundance, 3 = shrub abundance, 4 = graminoid abundance.
VC required less than half the time to implement compared to PIL In contrast, the amount
of time required to complete estimates was only weakly related to differences in observer
training. For example, we observed only minor differences in time efficiency between
Observer 1, with extensive research experience, and Observer 2, who had training in plant
identification but not methods prior to the study. We also found little difference between
“experienced” (Observers 1 and 2) and “inexperienced” observers (Observers 3 and 4) in
time requirements. Although based on a small sample size of four individuals, our results
suggest that variations in prior experience may not translate into large differences in sam-

pling efficiency, provided all observers receive similar training in the field.

Species richness

Unlike time requirements, estimates of species richness were more strongly influenced
by observer, suggesting that observer biases are influential when monitoring for biodiversity
surveys or rare species. We also found that method type affected species detection, with a
significantly higher detection rate using SF and PI relative to VC across all observers. This
result contrasts with other studies that have found lower species detection using PI com-
pared to VC methods (Symstad et al. 2008; Godinez-Alvarez et al. 2009). Theoretically, PI
has a tendency to miss rare species simply because of sampling error; typically, a species
must be contacted by at least one pin to be registered as present in the plot, and the likeli-
hood of this occurring decreases with the cover of a species (Friedmann et al. 2011). Our
modified PI method may have partially overcome this difficulty by recording species that
were present but not hit by a pin (cf. Dethier et al. 1993; Molau and Melgaard 1996), thus cap-
turing more rare species. We suspect that the rapidity of VC (mean = 8.6 min per plot) may
have resulted in increased detection errors compared to the slower PI method (mean = 23.4
min per plot), simply because observers spent less time closely looking at each plot. VC is
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also more subjective than PI, and user fatigue (e.g., hasty plant identification and (or) quan-
tification) or lack of experience could hamper its usefulness. For example, we found that
our “inexperienced” observers (Observers 3 and 4) also had the lowest species detection
rate. Thus, careful observation, as well as adequate plant identification training, is crucial
for maximizing the effectiveness of VC if it is intended for estimating species richness.
Overall, our results suggest SF may represent the best method when the primary research
objectives are tracking changes in rare species or species richness due to the high sensitivity
of SF to rare species, its low time requirements, and the high reproducibility of species
counts among observers.

Agreement and reproducibility of abundance estimates

Method of assessment had a significant effect on the agreement of abundance estimates
both when species were pooled together and when separated by growth form. In contrast,
observer variation had little effect, indicating that observer bias may be relatively minor com-
pared to method choice. Across all observers, estimates of abundance using SF showed the
weakest relationships with actual biomass. Thus, this method seems poorly suited to estimat-
ing relative abundance (cf. Brikenhielm and Qinhong 1995). We expect that increasing the
number of cells within a plot that are assessed for species frequency would increase agree-
ment, and it is likely that this method would eventually converge to a level of precision simi-
lar to PI. However, frequency based on subplots may strongly differ from real abundance for
some species — very small species may have high frequency but low abundance or species
with high abundance may have low frequency (Kent 2011). Additionally, a dramatic increase
in the number of sampled subcells with the SF method would likely counteract other advan-
tages such as low sampling time. Thus, it seems reasonable to suggest that when the study
aims are to estimate relative abundance of common and rare species, the SF method is not
recommended, as it does not accurately estimate plant abundance or biomass.

All methods showed a trend towards greater agreement in the more abundant plant
groups. Importantly, our results show that correlations with actual biomass are lower for
all methods when estimating plants in the trace- (<0.1 g) and low-biomass (0.1-1 g) groups,
which suggests that none of these methods are precise tools for detecting changes in abun-
dance of very rare species. Regardless of the method used, low-abundance species are prob-
lematic because individuals are inherently difficult to detect (Klimes$ et al. 2001; Klimes
2003; Friedmann et al. 2011;). Moreover, our study did not assess optimal plot size or num-
ber of plots among methods. Although we were able to detect statistical differences among
methods and observers with reasonable confidence (>70%), we have yet to determine the
optimal number of plots for tundra vegetation monitoring. Future work should address
these matters of plot size, frequency, and rare species to further develop effective monitor-
ing methods of arctic and alpine tundra vegetation.

Within abundance groups, there was general concurrence between abundance estimates
derived from both PI and VC. The evaluation of the best sampling approach for abundance
estimation should be taken within the context of time required for sampling, as PI sam-
pling in this study took approximately twice the time of VC sampling (Table 3). One impor-
tant consideration that would affect the time requirements when using PI is the number of
pin contacts used at each plot. Theoretically, using more pins increases the precision of esti-
mates, but beyond a threshold of pins, the gains in precision associated with increasing the
number of pins may be outweighed by increases in time requirement (e.g., Brathen and
Hagberg 2004; Godinez-Alvarez et al. 2009). Moreover, counting more than one hit per
pin in PI estimation may overestimate relative abundances (particularly for graminoids),
although more accurately estimate biomass. If the objective is to monitor species with
high abundance (i.e., >50%), 100 pins/m? is likely sufficient, although if rare species are
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Table 3. Summary of results and advantages and disadvantages of three methods of vegetation monitoring:
subplot frequency (SF), point-intercept (PI), and visual cover (VC) estimation.

Species Relative

Method  Efficiency detection abundance Advantages Disadvantages

SE (1) 6.3 min (1) 11.9 sp. (3) r = 0491 Quick and easy to Poor quantification of low-
implement; high species cover species; low
detection reproducibility

PI (3) 234 min  (2) 11.0 sp. (1) r = 0.970™* High species detection; Time consuming; requires
high reproducibility modification to detect

rare species

vC (2) 8.6 min (3) 101 sp. (2) r=0976™*  Accurate for high-cover Poor detection of rare
species; quick and easy to  species; low
implement reproducibility

Note: Mean values are presented for each method with relative ranking of each method for efficiency, species detection, and rela-
tive abundance in parentheses. **P < 0.001 significance.

desired, the number of pins per square metre should be increased (Dethier et al. 1993) while
remaining mindful that there may be minimum gains in accuracy above 10 pins/0.25 m>
(Brdthen and Hagberg 2004). Overall, since point techniques require very large samples
for detecting change in less frequent species (either through many plots or many points
per plot), we echo the recommendation of Everson et al. (1990) that key species with high
abundance be selected for monitoring changes in species composition.

Some plant growth forms present additional challenges for abundance estimation. In
our study, graminoids showed a unique relationship between estimated and actual bio-
mass, indicating a need to carefully calibrate this relationship when working with this
growth form. In addition, the agreement of abundance estimates tended to be lower for gra-
minoids and highly sensitive to the type of method. The upright and highly dissected
arrangement of graminoid leaves make it difficult to visually estimate the area covered dur-
ing VC and may also affect pin intersection probability during PI, especially under windy
conditions (Vittoz and Guisan 2007; Godinez-Alvarez et al. 2009). Multivariate indices of sim-
ilarity between observer measurements and relative biomass suggest that the VC method
may be better than PI or SF for estimating variations in graminoid biomass.

Conclusions

Developing a strong understanding of the strengths and weaknesses of different meth-
ods for monitoring vegetation in alpine tundra is an essential aspect of designing a success-
ful monitoring program. We identified statistically significant relationships among relative
abundance and richness estimates from three different methods (SF, PI, and VC) compared
to “true” values as determined by biomass harvesting, in spite of the small number of plots
sampled (n = 12). Our comparison of methods here suggests that SF is the best approach
when monitoring objectives are focused on rare species detection or assessing species rich-
ness with its corresponding requirements for extensive sampling. However, when the focus
is to monitor changes in the abundance of common species, VC or PI should be preferred. In
this study, VC required less time to sample than PI, although VC sensitivity to species rich-
ness was lower than for PIL In general, differences among observers were small compared to
differences among methods, indicating the choice of monitoring method should supersede
potential concerns about observer bias.
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