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Abstract

This article describes how the cartographic depth-to-water (DTW) index in
combination with other variables can be used to quantify, model and map
the distribution of common forest floor bryophytes, at 1 m resolution. This
was done by way of a case study, using 12 terrain and climate representative
locations across New Brunswick, Canada. The presence/absence by moss
species was determined at each location along upland-to-wetland transects
within >10-m spaced 1-m? forest floor plots. It was found that Bazzania trilo-
bata, Dicranum polysetum, Polytrichum commune, Hylocomium splendens,
and Pleurozium schreberi had greater probabilities of occurrence in well-
drained forested areas, whereas Sphagnum fuscum and Sphagnum girgensoh-
nii dominated in low-lying wet areas. The presence/absence of each species
was quantified by way of logistic regression analyses, using DTW, slope, can-
opy closure, forest litter depth, ecosite type (8 classes), nutrient regime (4
classes, poor to rich); vegetation type (deciduous, coniferous, mixed, and
shrubs), and macro- and micro-topography (upland, wetland; mounds, pits)
as predictor variables. Among these, log,,DTW and forest litter depth were
the most consistent predictor variables, followed by mound versus pit. For the
mapping purpose, only log,;DTW and already mapped classifications for up-
land versus wetland and vegetation type were used to predict the probability
of occurrences for the most frequent moss species, namely, D. polysetum, P.
schreberiand Sphagnum spp. The overall accuracy for doing this ranged from
67% to 83%, with false positives and negatives amounting to 18% to 42%. The
overall classification accuracy exceeded the probability by chance alone at
76.8%, with the significance level reached at 75.3%. The average level of
probability by chance alone was 60.3%.
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1. Introduction

Data available for mapping natural vegetation distributions at high-resolution

have become increasingly accessible and important for environmental research,

monitoring, and impact assessments [1]. Predictive vegetation mapping of bryo-
phytes, however, is still largely unexplored [2]. Where bryophyte-environment

relationships have been studied, the focus has either been placed on the mi-

cro-scale (e.g., [3] [4] [5]) or on large regional to global scales (e.g., [6] [7] [8]

[9] [10]). This research differs in perspective by looking at bryophyte distribu-

tions along the forest floor at the landscape scale, at 1 m resolution. Earlier

landscape studies were typically done at coarser scales (e.g., [2] [3] [11]). The
objectives of this article are:

1. To determine how the occurrences of specific moss species vary by forest
floor and location conditions across select New Brunswick locations, based
on 1-m’® plot surveys along upland/wetland transects, and by variations in
soil wetness, slope, canopy closure, and litter depth. Other variables refer to
aspect, ecosite classes, vegetation type (poor to rich), upland versus lowland,
microsite topography (mound, flat, pit), soil type (organic, mineral), ecore-
gion and sampling location.

2. To transform the resulting presence/absence patterns into species-specific
occurrence probability models by way of logistic regression analysis.

3. To validate and to apply the models so obtained for landscape-wide moss-
occurrence probability mapping.

The focus is on modelling and mapping moss distributions on the forest floor
as opposed to other moss-preferred substrates such as fallen logs, rocks and bar-
ren ground, because forest floor conditions impose more exacting constraints on
the presence or absence of bryophyte species [12]. For example, species with
specific soil moisture regime preferences would primarily occur where water
would remain at or near the surface throughout the growing seasons. In con-
trast, mesic/xeric species would—by definition—occur on better-drained up-
lands where the water table below the forest floor is further below the surface. In
addition, increasing canopy closure would negatively affect the presence of
mosses and moss carpets on the forest floor through (i) increasing moisture loss
under open conditions, (ii) insufficient light availability under dark conditions,
and (iii) increasing leaf-litter fall.

There are 381 bryophyte species in the maritime provinces (New Brunswick,
Nova Scotia, and Prince Edward Island) [13], with at least 322 species in New
Brunswick alone [14]. For this study, thirteen species were selected by likely
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commonness across the province, and by their reported moisture regime pref-
erences. None of the species so selected are rare, endangered, or endemic. For
example, feather mosses such as Hylocomium splendens, Pleurozium schreberi,
and Ptilium crista-castrensis are common forest floor species on shaded and well
drained areas [13] [15] [16]. These species are also often found in association
with Dicranum spp. [17]. Sphagnum species such as S wulfianum and .
girgensohniibuild extensive carpets across wetlands and wet microsites [18].
The means to determine how changes in soil moisture regimes would affect
upland-to-wetland distributions of individual moss species was enabled through
the increasing availability of high-resolution bare-earth digital elevation models
(DEMs). Through DEM raster derivations involving slope, aspect, flow direc-
tion, flow accumulation, and flow network, two important soil moisture indica-
tors emerged: (i) the terrain wetness index (TWI), and (ii) the cartographic
depth-to-water index (DTW). The reported utilities of these indices favor DTW
in terms of achieving greater conformance with field-measured variables such as
soil drainage regime, soil type, various soil physical and chemical properties, soil
trafficability, and vegetation type by soil moisture regime preference [19] [20]
[21]. The difference between DTW and TWI pertains to the greater dependence
of TWI on DEM resolution and smoothing [20]. Therefore, this article focuses
on DTW for the purpose of forest floor bryophyte mapping at 1-m resolution.

2. Methods

Plot-based surveys were conducted across New Brunswick by selecting 12 areas
for which 1-m resolution LiDAR-derived digital elevation models have become
available (Figure 1; LiDAR: Light Detection and Ranging). These areas from
ridge tops through valleys and wetlands, and were reasonably representative of
the physiographic and climatic conditions across New Brunswick (Table 1). Addi-
tional criteria for location selection involved (i) accessibility, (ii) ownership (New
Brunswick crownlands), (iii) low to no levels of industrial/residential develop-
ments, (iv) minimal human influence (e.g., not affected by dissecting roads), and
(v) overall representation of New Brunswick ecoregions.

Sample plots were centered on forest floor and walkable wetland surfaces lo-
cations, as opposed to potential plots on large boulders and logs. Species compo-
sition and relative abundance of all ground flora were recorded for 980 1-m’
quadrats. Mosses were identified using hand lenses, and samples were brought
back to the lab for identification under a microscope as needed. Relative abun-
dance was recorded for each species based on percent area coverage when
viewed from above [22]. Plot observations were done twice through independent
viewing. Each plot was photographed for further validation purposes. The sam-
pling locations were assigned to two groups: eleven for modelling moss presence
and absence of specific moss species across New Brunswick (950 quadrats), and
one for model validation (301 quadrats; University of New Brunswick Forest,

Fredericton).

K2
035: Scientific Research Publishing

869



M. Goguen, P. A. Arp

Northern
Uplands
Ecoregion

Highlands
Ecoregion

Southern
Uplands
Ecoregion

Highlands
Ecoregion

Black Brot

T T T T T T T
A Fundy 0 25 50 100 Kilometres

Coastal
Ecoregion

Figure 1. Moss survey locations across New Brunswick.

Table 1. Surveyed areas, by ecoregion, location, number of plots (n), climate conditions (1981-2010 Climate Normals, Environ-
ment Canada), and elevation.

Mean
A Degree Elevation Area
. . Annual Precipitation i .
Ecoregion Site Temperature (mm) Days Range Surveyed  Longitude Latitude
P Above 5°C  (MASL) (ha)
(§©)
Bathurst 80 48 1110.1 1690.8 20-98 103.1  65°30'28.352"W 47°36'18.942'N
Eastern Tracadie 70 438 1077.2 1658.5 0-20 923  64°54'16.418"W 47°25'59.695"N
Lowlands Miramichi 90 4.9 1072.4 1718.5 0-98 57.5 65°26'0.137"W 47° 2'34.122"N
Sackville 70 5.6 1146.5 1629.9 -59 1222 64°15'41.994"W 45°55'24.145"N
Northwestern Blackbrook 90 3.5 1104.1 1532.6 212-325 2304 67°47'56.469"W 47°12'40.761"'N
Uplands Deersdale 90 3.7 1159.7 1544.3 360 - 492 155.3  67°14'39.079"W 46°28'19.719"N
Dorn Ridge 80 43 1088.9 1608.7 199 - 305 78.8  66°57'27.465"W 46°9'46.043" N
Valley o " oo "
Grand Bay-Westfield 160 5.2 1295.5 1542.4 44-118 529  66°13'45.396"W 45°17'24.246"N
Lowlands
St. Stephen 90 52 1429.7 1388.4 85 - 162 232.1  67°15'55.725"W 45°1921.677"'N
Grand Lake 80 5.2 1175.8 1738.5 -60 933  66°112.744" W 45°58'4.157"N
Grand Lak
rand Lake Noonan 80 5.2 1175.8 17385  13-150 984  66°2623.165'W 46°0'18.091"N
Lowlands
Fredericton 325 5.6 1077.7 1803.5 1-186 1400  66°40'42.408"W 45°55'52.062"N
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Forest floor sampling plots were spaced >10 m apart at each location from
upland to wetlands [23], and were representatively chosen across 8 DTW classes
ranging from very wet (DTW < 0.1 m) to dry (DTW > 12 m). Each plot deter-
mination involved specifying:

e Plot location by longitude and latitude.

e Moss species, by presence and abundance (all species); species were identified
on-site using hand lenses, followed by microscopic indoor confirmation us-
ing a microscope, and Ireland and Hanes (1982) as authoritative species
identification guide.

e Leaflitter layer (L) depths.

e Micro-topography classes (mound versus pit) [24] [25].

¢ Canopy closure.

e Tree species composition by vegetation type (VT [26]), with VT ranging
from 1 (predominantly ericaceous species associated with poor soil condi-
tions) to 4 (tolerant hardwood tree species associated with rich site condi-
tions).

e Ecosite category (eight classes: bog, fen, freshwater marsh, shrub wetland,
forested wetland, ecotone, or riparian zone) [26].

e Wetland versus upslope location, with 1 denoting wetland, 0 otherwise.

These plot-specific assignments were further checked by cross-referencing
with (i) GIS data layers pertaining to forest inventory and wetland cover and
type, and (ii) aerial photographs [27]. LIDAR-derived 1-m resolution digital ele-
vation models (DEMs) were used to generate the cartographic depth-to-water
index (DTW) for each site (Figure 2). This index determines the difference in
elevation between the ground surface and the nearest open-water features, such
as flow channels and water pools. As such, it also emulates the gradation in soil
drainage from very poor, poor, imperfect, moderate, well and excessively well
[20] [28]. Table 2 provides a summary of all transect and plot determined nu-
merical and categorical variables, by map-versus plot-based categories. The
map-based variables were used for province-wide moss distribution mapping,
whereas the plot-determined variables were intended to reveal finer resolution
and therefore not-yet projectable moss-distribution differences.

All the data so assembled were entered into a single spreadsheet, which each
column identified by plot, location, species and variable, and each row referring
to plot-specific observations. Species absence/presence was also noted through
binary coding (1 for present, and 0 for absent). The data so compiled were then
used for (i) generating the probability response curves (Figure 3) for each spe-
cies, (ii) multivariate logistic regression analyses and classification, and (iii)
model-based presence-absence probability projections.

The probability response curves were calculated with the statistical program-
ming environment R 3.1.2 [29], using the eHOF package v. 1.5.7 [30], with all
model parameters (a, b, ¢, d) obtained through non-linear maximum likelihood
estimation procedures [31]). Selection of the most adequate model type was done
using the Akaike Information Criterion (AIC [32] [33]). For this analysis,
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Figure 2. Panels show side-by-side surface image and depth-to-water map for each of the 12 survey locations across New Bruns-
wick, also showing wetland outlines and the individual upland-to-wetland plot locations.

Table 2. Variables associated with each moss sampling plot.

Variables Description Units

Numerical DTW log,((DTW) log,o(m)

Slope Slope (20 m focal average) %
Canopy Closure From forest inventory % classes
Map-based Categorical Aspect Aspect (20 m focal average) 4 Classes

Bog, Fen, Marsh, Forest wetland,
Ecosite Shrub wetland, Riparian zone, 8 Classes
Upland

Forest Type Forest Type (SW, HW, MX, Other) 4 Classes

Numerical L-Layer Depth of litter layer cm
Plot-based . .VT . Vegetation Type (I-PO(‘:)I' to4-Rich) 4 Classes
Categorical Microsite Mound or pit 2 Classes
Soil Type Organic vs. mineral soil 2 Classes
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Figure 3. Theoretical species absence/presence probability response models, ranked by increasing complexity:
(I) no response, (II) sigmoidal, (IIT) sigmoidal with plateau, (IV) unimodal symmetric, and (V) unimodal

skewed; direction of x is reversible (from [37]).

species with less than 50 observations (n < 50) needed to be omitted [34] [35]
[36]. This narrowed the analysis to seven species: Bazzania trilobata (BT), Di-
cranum polysetum (DP), Hylocomium splendens (HS), Polytrichum commune
(PC), Pleurozium schreberi (PS), Sphagnum fuscum (SF), and Sphagnum gir-
gensohnii (5G).

The binary presence/absence were also evaluated for each moss species in re-
lation to (i) all the variables in Table 2 and (ii) the best-fitted HOF response
models. This was done using Equation (1) and the logistic multivariate regres-
sion process (SPSS Statistics for Windows, Version 2.2.0; IBM Corp., 2013) as

follows:
|og(1ij:a+ﬁlxl+--~+ﬁkxk + residuals (1)
-P

with p as the species-specific occurrence probability, a and fS;as parameters, and
x;(i=1,2, ... k) as explanatory regression variables [38] [39].

The presence/absence data of species with n > 50 was analysed by way of lo-
gistic regression, using all the variables in Table 2 as potential moss pres-
ence/absence predictor variables. The least significant predictor variables with a
< 0.05 (Wald test [40]) were eliminated, one step at a time. Within a set of
closely correlated predictor variables, only the more significant variables were
retained. The model coefficients so obtained were checked for possible collinear-
ity using the variance inflation factor measure (VIF [41]). Akaike’s Information
Criterion (AIC) scores were used to select among the best-fitted models [32],
with the goodness of fit evaluated using the likelihood ratio test and two pseudo
R® measures: Cox and Snell R* and Nagelkerke R* [32] [39] [42].

2.1. Model-Based Classification Including Validation.

Model Performance Receiver Operating Characteristic (ROC, SPSS) curves
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served as a measure of the classification accuracy of logistic regression models
for the most common moss species, ie., DP, PS, and SG. The area under the re-
sulting ROC curves (AUC) determines the discriminatory ability of the model,
and varies from 0.5 (no better than chance) to 1.0 (perfect discrimination [43]).
Models with AUC values >0.7 are considered to have high discriminatory power
[38]. The classification accuracy was further evaluated using the propor-
tional-by-chance accuracy rate, which is calculated by summing the squared
proportion that each group (present/absent as observed) of the total sample
across all sampling locations [44]. For model development and validation pur-
pose, sampling locations were assigned to two groups: eleven for model devel-
opment (980 quadrats), and one for model validation (325 quadrats; University
of New Brunswick Forest, Fredericton). The logistic regression models generated
from the former served to predict the plot-based moss occurrences for the latter.

The resulting classification accuracy was evaluated as described above.

2.2. Model Projections and Mapping

The best-fitted regression models were used to map the probability of DP, PS,
and SG presence across the landscape at each of the 12 sampling locations using

ArcGIS mapping procedures [45].

3. Results

Occurrence frequencies varied widely by moss species, from common to un-
common (Table 3). Climacium dendroides, Ptilium crista-castrensis, Rhytidia-
delphus triquetrus, Sphagnum squarrosum, Aulacomnium palustre and Sphag-
num wulfianum were locally abundant in terms of percent cover at only a few
locations. In contrast, PS and SG were most common, appearing respectively in
328 and 301 of the 980 plots. DP was next, with 233 plot observations. SF, HS,
BT, and PC occurred within 63 to 137 plots. The plots in Figure 4 show how the
more abundant moss species were related plot-specific variations in DTW, can-
opy closure, slope and forest litter depth, with Sphagnum spp. occurring more
frequently than the other species on wet, flat and open locations with little to no
litter fall. The extent of percent moss cover per plot (i) by upland versus wetland
and (ii) by mound versus pit locations on is also shown in Figure 4.

The HOF modelled presence/absence response curves to the continuous vari-
ables log,,DTW, slope, % canopy closure and forest litter depth followed-
non-linear trends (Figure 5), with DP, HS, PC and PS displaying unimodal
bell-shaped responses (HOF models IV and V). In contrast, SG and SF decreased
monotonically (HOF models II and III) from wet to dry, as to be expected [47]
[48]. The resulting best-fitted model parameters, optima and niche values are
listed in Table 4, with R* values ranging from 0.16 to 0.99. Only 5 of the 28 re-
sulting models were not statistically significant with P > 0.1. Among these, HS
had the lowest R? values in response to log,,DTW and forest litter depth. After
excluding the HS response model to log,,)DTW, the best-fitted R*and P values
followed this sequence: DTW > Litter depth > Slope > Canopy closure.
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Table 3. Soil moisture and nutrient preferences of the most common bryophyte species within the 11

sampling locations used for model development, including counts, frequency of occurrence, and mean

percent cover per 1 m?for a total of 980 sampling plots.

Moisture Nutrient Count Mean
Moss Species Common Name . . Frequency %
Regime Regime (n) Cover %
Sphagnum Brittle-stemmed
wet poor 17 1.7 16.3
wulfianum sphagnum
Aulacomnium
“ “ Ribbed bog moss wet/moist medium 18 1.8 2.6
palustre
Climacium . .
X Tree moss wet/moist rich 18 1.8 6.5
dendroides
Sph Prickl
phagIIm ey wet poor 24 2.4 16.4
squarrosum sphagnum
Rhytidiadelphus
7t ) P Shaggy moss moist/fresh  poor/medium/rich 25 2.6 20.1
triquetrus
Prili
. am i Plume moss moist/fresh/dry poor 35 3.6 3.5
crista-castrensis
Sph B b
phagnim rown bog wet poor 63 6.4 49.6
fuscum (SF) sphagnum
Hylocomium
7 “ Stair-step moss ~ wet/moist/fresh poor 64 6.5 10
splendens (HYS)
Bazzania trilobata (BT) Bazzania moist/fresh N/A 76 7.8 6.6
Polytrichum Common
ytrichu . wet/moist/fresh ~ poor/medium 137 14 104
commune (PC) Haircap moss
Di
feranum Wavy dicranum wet/moist poor/medium 233 23.8 5.7
polysetum (DP)
Sph C
i P agm?n omimon green wet/moist poor/medium 301 30.7 47.7
girgensohnii (SG) sphagnum
Pl {
E’ZII'OZ{le Schreber’s moss  moist/fresh/dry ~ poor/medium 328 335 21.8
schreberi (PS)
Sources: [13] [24] [46].
P —e—i PS —e—i BT 0 upland
PS ——i BT —e—| Ps B \etland
BT —— DS —e— HS
PC —e— HS —e— PC
HS —eo— PC —e—i ps
sG ol SG 19 SE
SF 1M SF 2 2
T v v q v 0 D S S S S e SG
0 1 2 3 4 5 01234567829
Depth to Water (m) Slope (%) 0 5 10 15 20 %
BT O Mound
BT - o DS A —.— W pit
DS - BT - ——
HS 1 18 PS - e
PS 1 o PC 4 —e— Pe
PC 1 o HS —e— | P8
SF 1 o4 SG 1 e Sk
SG { Hed SF {e C ————————
0 20 0 60 80 0 02 04 06 08 10 12 0 5 10 15 20

Moss Cover %

Canopy Closure (%) Litter Depth (cm)

Figure 4. Mean values and their corresponding 95% confidence intervals for depth-to-water (a), percent slope
(b), percent canopy closure (c), and leaf litter depth (d) associated with the occurrences of 7 moss species
across the 11 sampling locations used for model development. Also shown: bar diagrams for comparing mean
percent moss cover per plot of the same 7 species by upland versus wetland (top right), and by mound versus
pit (bottom right) locations.
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Figure 5. Best-fitted HOF presence probability response curves for the more frequent moss species of this study (n > 50), by
DTW, slope, canopy closure, and forest litter depth.

The best-fitted logistic regression results for the species with n > 50 are com-
piled and summarized in Table 5 and Table 6. Of note are: (i) the consistently
negative occurrence responses to (i) increasing litter depth, (ii) the positive ver-
sus negative effects of mound versus pit, upland versus wetland, and increasing
versus decreasing log,\DTW, and (iii) the varying effect of canopy closure. In
one case (SG), slope (20 m focal mean) produced better results than log, [ DTW.
Dropping one or more of the variables in Table 4 in favour of other somewhat
correlated variables (e.g., log,,DTW versus slope or wetland/upland location;
canopy closure versus litter depth, SW or MX) increased the significance of
some of those variables, but weakened the overall goodness of fit. SW or MX)
increased the significance of some of these variables, but weakened the overall
goodness of fit.

The best-fitted logistic regression results (logistic regression coefficients, sig-
nificance levels and odds ratios) for DP, PS and SG using only map instead of
plot-based predictor variables (ie., log,, DTW, mapped classes for wet-
land/upland and forest type; Table 2) are listed in Table 7. Among these pre-
dictor variables, PS and DP increased while SG decreased with increasing log
log,,DTW. The wetland specification also discriminated against DP and PS.
Without the wetland variable, log log,, DTW would be the strongest predictor
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Table 4. Moss presence probability models (HOF models II to V, Figure 5) for the more frequent
species of this study (n > 50): best-fitted parameters, goodness of fitness indicators (R* and P val-

ues), with Model III maximum response position for DTW, slope, canopy closure, and forest lit-

ter depth.
Regression  Moss HOF Model Parameters 2 Max. of Model
Variable Species R P-value III at:
a b c d
BT III 3.47 -10.85 2.15 0.82 0.002 0.59 to 25 m’
DpP v —6.26 7.24 4.87 0.98 0.000 411m
HS v -1.96 4.26 3.76 0.20 0.266 191 m
DTW pPC v 2.49 -1.22 0.61 0.023 447 m
PS v -5.37 5.44 3.35 0.99 0.000 531m
SF III -1.1 5.65 0.83 0.9 0.000 0.01 t0 0.02 m’
SG III —6.67 11 -0.1 0.99 0.000 0.0l m
BT III 1.46 -53.4 2.11 0.16 0.433 32t047%
DpP v 0.33 1.31 1.09 26.55 0.69 0.041 8.0%
HS v 1.6 2.81 2.92 57.89 0.77 0.021 4.9%
Slope pPC v -0.97 4.13 1.62 0.19 0.393 14.7%
PS v -3.57 5.86 1.2 0.63 0.060 19.2%
SF 1I 1.57 21.31 0.94 0.001 0.0%
SG 1I -0.21 13.07 0.97 0.000 0.0%
BT v -3.87 6.06 4.61 0.85 0.003 70%
DpP v -1.56 2.96 2.14 7.21 0.64 0.031 49%
HS v -16.39 18.91 4.19 3.54 0.74 0.013 78%
Canopy
Closure pPC v -1.59 3.69 2 0.41 0.112 49%
PS v -3.85 4.81 1.72 0.49 0.079 58%
SF v 1.05 6.86 0.87 46.66 0.15 0.385 6%
SG I 0.22 1.55 0.95 0.000 0%
BT \Y% 1.38 6.44 1.17 100 0.84 0.004 0.5cm
DP \Y% -0.17 6.78 1.14 100 0.84 0.004 0.6 cm
HS v 1.56 7.19 1.06 100 0.53 0.064 0.5 cm
Litter Depth PC v -1.25 12.57 1.64 0.86 0.003 1.5cm
PS v -1.06 9.79 0.91 100 0.92 0.001 0.6 cm
SF I 2.11 11.85 0.66 0.026 0.0 cm
SG I 0.01 14.26 0.87 0.002 0.0 cm

variable for each of these species. All three species were additionally favored to

occur under SW coverage, with MX also contributing to the presence of PS, only

weakly so for DP, but not at all for SG.

Details about the goodness-of-fit of the logistic regression models in Table 7
are presented in Table 8. This table shows that the best-fitted models (i) are

highly significant by way the likelihood ratio tests (p < 0.001), (ii) confirm that

the results are not due to chance alone (AUC > 0.78), and (iii) account for the

overall variations in moss absence and presence although the pseudo R* indices

remain low.
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Table 5. Best-fitted logistic regression results for seven moss species (CC: Canopy Closure; SW:
Softwoods; MX: Mixedwoods).

::i::s Predictor variables (.I’,{oeegtg::::tls Std. Error of Estimate = Chi-Square  P-Value
Constant —4.367 0.518 71.116 <.0001

L-Layer -0.296 0.119 6.157 0.0131

BZ Mound 0.964 0.264 13.314 0.0003
N=76 CcC 0.491 0.092 28.58 <0.0001
Wetland -0.866 0.328 6.966 0.0083

SwW 0.9 0.314 8.23 0.0041

Constant -1.154 0.393 8.626 0.0033

L-Layer -0.254 0.078 10.515 0.0012

Mound 0.462 0.18 6.56 0.0104

DP CC -0.107 0.059 3.303 0.0691
N =233 log,,DTW 0.604 0.151 16.076 <0.0001
Wetland -2.536 0.291 75.914 <0.0001

SW 1.491 0.331 20.345 <0.0001

MX 0.659 0.361 3.341 0.0676

Constant -4.977 0.487 104.645 <0.0001

L-Layer —-0.246 0.127 3.764 0.0524

NI;IS64 Mound 0.728 0.274 7.031 0.008
CC 0.482 0.087 30.825 <0.0001

SwW 1.273 0.358 12.635 0.0004

Constant -2.005 0.174 133.034 <0.0001

PC L-Layer -0.204 0.078 6.915 0.0085
N =137 Mound 0.923 0.193 22.784 <0.0001
log,\DTW 0.481 0.122 15.445 <0.0001

Constant —1.48 0.344 18.534 <0.0001

L-Layer -0.449 0.077 34.224 <0.0001

Mound 1.042 0.171 37.15 <0.0001

N 58328 log,,DTW 0.814 0.138 34.761 <0.0001
Wetland -1.623 0.22 54.415 <0.0001

SW 1.951 0.311 39.232 <0.0001

MX 1.284 0.337 14.542 0.0001

Constant -2.203 0.269 66.998 <0.0001

SE L-Layer -0.352 0.169 4.325 0.0376
N=63 CC -0.862 0.2 18.635 <0.0001
log,,DTW -0.677 0.185 13.41 0.0003

Constant -1.144 0.223 26.432 <0.0001

L-Layer -0.787 0.103 57.845 <0.0001

SG1 Mound -0.397 0.165 5.81 0.0159
N =301 log,\DTW -0.423 0.117 13.138 0.0003
Wetland 0.807 0.203 15.743 <0.0001

SwW 0.741 0.178 17.338 <0.0001

Constant -0.222 0.246 0.812 0.3674

L-Layer -0.741 0.099 55.991 <0.0001

SG2 Mound -0.373 0.17 4.827 0.028
N =301 Slope -0.189 0.029 42.878 <0.0001
Wetland 0.691 0.185 13.942 0.0002

SW 0.688 0.18 14.646 0.0001
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Also shown in Table 8 are the goodness-of-fit results for model validation, to
indicate that the models derived from the 11 sampling locations across New

Brunswick predict the DP, PS and SG occurrences for the validation location

Table 6. Summary of the best-fitted positive (+) and negative (-) trends in Table 5.

L-layer Mound CC log, ,DTW Wetland SW MX

BZ - + + N +
DP - + - + _ +
HS - + + +
PC - + +
PS - + + - + +
SF - -
SG1 - - - + +
SG2 - - — (slope) + +
Number of variables with
positive trends 7 2 3 2 6 !
Number of variables with 1 3 3

negative trends

Table 7. Best-fitted binary multivariate logistic regression parameters including their sta-
tistical significance and odds ratios to predict the moss presence/absence probability re-
sponses as affected by log,,DTW, wetland versus upland location, and forest type (SW,

MX).
Predictor
Moss Species ———— S SEB  Wald’s X P-value Odds Ratio

Variable

logDTW 0.032 0.01 15.54 0.000 1.03

Wetland -2.22 0.27 65.34 0.000 0.11

DPn =233 SW 1.88 0.31 36.34 0.000 6.54

MX 0.791 0.35 5.06 0.024 2.21

Constant =2.77 0.42 44.55 0.000 0.06

logDTW 0.031 0.01 22.03 0.000 1.03

Wetland —1.44 0.21 47.82 0.000 0.24

PSn =328 SW 2.34 0.29 64.72 0.000 10.38

MX 1.43 0.32 19.96 0.000 4.18

Constant -3.06 0.42 53.98 0.000 0.05

logDTW 0.06 0.01 135.45 0.000 1.06

SG n =301 SW 0.849 0.16 27.02 0.000 2.34

Constant -3.44 0.25 190.89 0.000 0.03
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Table 8. Goodness-of-fit comparisons (Likelyhood Ratio Test, Cox & Snell and Nagelk-
erke R? analogues, and AUC) for the logistic regression models in Table 7 for DP, PSand

SG.
Moss Likelihood Ratio Test R*-type Indices
Species X df  P-value  Cox & Snell Nagelkerke
DS 289.25 4 0.000 0.26 0.38
PS 299.75 4 0.000 0.26 0.37
SG 210.77 2 0.000 0.19 0.27
Model Std. ) 95% Confidence Intervals
Devel ¢ AUC B Sig.
evelopmen rror Lower Bound  Upper Bound
DS 0.84 0.013 0.000 0.82 0.87
PS 0.82 0.014 0.000 0.79 0.84
SG 0.78 0.015 0.000 0.75 0.8
DS 0.81 0.027 0.000 0.75 0.86
Model
L. PS 0.82 0.026 0.000 0.77 0.87
Validation
SG 0.75 0.029 0.000 0.69 0.81

Table 9. Observed and predicted frequencies for bryophyte presence by logistic regression analysis (LR) across the 11 New
Brunswick locations that were used for model development, and the Fredericton location used for model validation (Figure 1).

Predicted Prob. b
Moss False False Overall 10D By Prob. by
. Actual Correct % . . Chance
species Positives %  Negatives % Correct % . Chance
Criterion
0 1

0 657 920 0.88

DP 0.43 0.14 0.80 0.80 0.64
1 106 127 0.55
0 539 113 0.83

Model PS 0.36 0.19 0.76 0.69 0.55
development 1 123 205 0.63
0 582 97 0.86

SG 0.39 0.17 0.73 0.72 0.57
1 165 136 0.45
0 254 11 0.96

DP 0.42 0.15 0.83 0.87 0.70
1 45 15 0.25
Model 0 250 5 0.98

o PS 0.24 0.18 0.82 0.82 0.65
validation 1 54 16 0.23
0 88 47 0.65

SG 0.26 0.4 0.67 0.64 0.51
1 59 131 0.69

more or less equally well. The corresponding classification results are listed in
Table 9 by number of cases correctly and incorrectly predicted. The accuracy
ranged from 67% to 83%, with false positives and negatives amounting to 18% to

42%. The overall classification accuracy exceeded the probability by chance
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alone at 76.8%, with the significance level reached at 75.3%. The average level of

probability by chance alone was 60.3%.

4. Discussion
4.1.DTW

The species response frequencies to the DTW-modelled variations in soil mois-
ture regime are generally in agreement with the following expectations (Figure
4): hydric mosses such as SF are commonly found on wetlands and on poorly
drained soils where DTW is low (Ze, < 25 cm). In comparison, SG spreads
widely on fens, bogs and forested wetlands, but also grows in wet microsites
(pits) on moderately well-drained upland forests [49]. In contrast, BT, DP, HS,
PS and PC prefer moist to dry sites on uplands and on mounds (Figure 5). In
combination, bryophytes often grow intermixed with each other, because of
similar survival requirements [12] [50]. Hence, many of their response curves in
Figure 5 overlap to varying degrees. For example, DP and PS typically occur to-
gether, with optimal DTW responses at 4 to 5 m. This also reflects their common
occurrences on dry woodland towards the margins of swamps, and also on
stumps [13]. While all of the species gravitated towards optimal DTW locations,
HS and BT did only weakly so. This could be due to two reasons: (i) these spe-
cies are found on suitable microhabitats across a wide range of substrate condi-
tions [17]; (ii) their occurrence frequencies, however, are low and widely spread
across the DTW from 0.6 to 25 m.

4.2. Slope & Aspect

Since slope is in part correlated with DTW (slope = 1.57 DTW; R* = 0.51), there
is a general similarity between moss species occurrence with respect to changing
slope and DTW, with SG gravitating towards flat locations, as observed else-
where [51], with Sphagnum mosses generally present only on the lowest and
wettest locations [52]. The other species prefer upland locations, and here they
are more frequent on mounds than in pits. Although aspect has the potential to
affect microclimates and plant species distribution [53], no such dependence was
detected in this study, possible due to small sample size, and the preponderance

of diffuse light under forest canopies

4.3. Ecosite

While there are clear differences in moss occurrences by uplands versus wet-
lands (Figure 5, top), this was much less the case when the occurrence frequen-
cies were analysed by ecosite type. In part, this may be due to the sampling un-
evenness by ecosite type. Typically, regression results across categorical variables
need to be well and evenly represented by sample size [40]. Bryophytes species,
however, are not evenly distributed across varying wetland and upland condi-
tions [24] [54] [55]. For this study, upland and wetland locations were essentially

equally represented (n = 497 versus 483, respectively), but the wetland locations
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were split into nine categories, with n per category ranging from 14 (meadows)
to 129 (fens).

4.4. Vegetation Type

The softwood stands surveyed generally had abundant bryophyte mats, thereby
rendering SW to be the dominant vegetation type variable to predict the occur-
rence of DP, PSand SG. In general, SG is associated with wet coniferous forests
dominated by black spruce (Picea mariana), tamarack (Larix laricina), and bal-
sam fir (Abies balsamea). In contrast, PSand DP are mostly associated with up-
land forests dominated by red spruce (Picea rubens), eastern hemlock (7suga
canadensis), balsam fir, and white pine (Pinus strobus). PS and DP were also
correlated with the MX variable, which represents early to late successional
mixedwood forests dominated by red maple (Acer rubrum), white birch (Betula
papyrifera), and balsam fir, and later successional stages composed of yellow
birch (Betula alleghaniensis), red spruce or eastern hemlock. Within these for-
ests, ground flora is generally herbaceous and accompanied with bryophyte di-
versity [25]. In pure hardwood stands, ground flora is dominated by shrubs
and ferns. Bryophytes, when present, are generally constrained to grow on ex-
posed coarse woody debris, likely due to moss-suppressing leaf litter cover
elsewhere [25].

4.5. Leaf Litter Depth, and Mound Versus Pit Effects

Bryophytes growing on the forest floor have been shown to be negatively af-
fected by deciduous leaf cover [17] [56]. In the present study, all species oc-
curred less frequently with increasing litter depth above 0.5 - 1 cm. The effect
was almost as significant as the moss occurrence relationships with DTW. Some
bryophyte species such as DP and PC appear to be more adapted to growing
through broadleaf litter [11]. Of the species included in this study, none were
frequently found where the depth of the leaf litter was greater than 6 cm thick,
although some species fared better than others in the > 6 cm zone. In part, this
could be due to their growth form. Studies have found that mosses with upright
(acrocarpous) growth forms such as DP and PC respond better to litter burial
than creeping mosses with prostrate (pleurocarpous) growth forms [56]. In ad-
dition, bryophyte community composition is closely related to microhabitat
[57], thereby leading to the mound versus pit related leaf litter distributions
shown in Figure 5. In contrast, macro-habitat features related to macro changes

in topography, aspect, and canopy closure tend to be less influential.

4.6. Canopy Closure

Forest canopy closure affects levels of light and precipitation reaching the forest
floor, creating a complex microclimatic gradient, with differing levels of light,
temperature, and humidity [5]. Canopy closure helps explain some variation in
bryophyte occurrence, particularly for Sphagnum mosses, which were typically

found in wetlands with little to no tree canopy, but remain constantly moist in
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full sun. In dry and fully exposed environments, bryophytes become metaboli-
cally inactive or desiccate altogether [58]. Aside from Sphagnum species, most
bryophytes require at least small amounts of shade [59]. Heavy shading, how-
ever, reduces moss occurrences [5] [56] [59] [60] [61] [62], with bryophyte
mortality increasing with increasing aspen leaf coverage, mainly due to shading
and lack of phytochemical responses [59], with light/shade effects thought to

become growth-limiting once all other resource needs are met [63].

4.7. Multiple Regression Analyses

The best-fitted multivariate logistic regression trends in Table 5 show that litter
depth, mound location, DTW, wetland versus upland type and coniferous versus
deciduous forest type are the dominant positive or negative predictor variables.
Generally, wetland and coniferous forest types have already been shown to influ-
ence the occurrence of bryophyte species across landscapes [2] [3] [11]. For the
non-coniferous forest types, only mixedwood (MX) remained as a predictor
variable for PS. Among the somewhat correlated terrain variables, DTW and
wetland versus upland remained as significant predictor variables, while slope
also became significant predictor variable for SG. Only three species were either
positively (BT, HS) or negatively (DP) affected by canopy closure, while in-
creasing litter depth had a negative effect on all 7 species.

In total, only up to 30% of the plot-by-plot moss occurrences could be quanti-
fied by way of the above procedures and analyses. The unexplained sampling
variations would, for the most part, be due to local variations in substrate and
vegetation mix conditions as these vary locally on account of stochastically
varying processes pertaining to litterfall, shading, canopy throughfall, and vege-
tation growth and competition [64] [65]. The mix in resolution and the ap-
proximate nature of some of the predictor variables would also contribute to the
unexplained variations, as follows:

e The values for canopy closure, wetland and forest type are based on assuming
uniform conditions across each sampling location. Hence, these data do not
reflect the meter-by-meter differences in vegetation type and canopy shading
across the forest floor.

e In contrast, the DEM-derived DTW variable and the field determined litter
depth and mound versus pit location are matching the 1 m* sampling proce-
dure quite closely. However, using slope as a predictor variable produced best
results for SG'but only so after 20 m focal smoothing.

e Sampling was done unevenly across vegetation type, ie., mostly but not ex-
clusively on softwood sites. Similarly, bogs were more frequently sampled
than fens, while steep riparian zones were less frequently sampled. Riparian
moss species such as Climacium dendroides and Aulacomnium palustre were
therefore under-sampled. More equally distributed samples could have been
obtained by stratifying by more than one environmental variable, e.g. forest
type or wetland type in addition to stratifying by DTW zones alone.

e There is a 3 to 5 meter inaccuracy of determining the exact sampling location
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using the hand-held GPS device.

4.8. Model Validation

Testing the best-fitted presence/absence models for DP, PS, and Sphagnum moss
against the independent data for the University of New Brunswick Forest (Fre-
dericton) produced an overall classification accuracy of 67% to 83%. For DPand
PS, absence was better predicted than presence. Sphagnum had a particularly
high percentage of false negatives (40%, Table 9).

The above model results produced with the mappable predictor variables Table
2 are similar to the results produced with the plot-based predictor variables in Ta-

ble 2 for all of the sampling locations in Table 1. This similarity is illustrated
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Figure 6. Presence/absence observations (dots, top portion of each panel) and the corresponding modelled presence probability
for each dot at St. Stephen (top) and at Dorn Ridge (bottom), all overlaid on the mapped probability of presence for Dichranum
polysetum (left), Pleurozium schreberi (middle) and Sphagnum girgensohnii (right).
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Figure 7. Presence/absence observations (dots) overlaid on the predicted presence
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and Sphagnum girgensohnii (bottom) for the sampling plots within the University
of New Brunswick Forest in Fredericton (validation location).
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in Figure 6 and Figure 7 for three of these locations: St. Stephen, Dorn Ridge
and Fredericton. Generally, data-derived models tend to perform less well on
data that are not part of model training. For example, [66] found that only a half
of data-trained models performed reasonably well when tested against inde-

pendent data.

5. Conclusions

The question of whether changes in bryophyte distribution could be modelled
and mapped was explored using univariate HOF models and a series of logistic
regression models, with depth-to-water, slope, forest canopy closure, and depth
of the leaf litter layer as species-specific presence/absence probability predictors.
These probabilities varied by species, as expected. Along the DTW gradient,
Bazzania trilobata, Dicranum polysetum, Polytrichum commune, Hylocomium
splendens, and Pleurozium schreberi had a greater probability of occurrence to-
wards the drier end of the water table gradient (well-drained forested land),
whereas Sphagnum fuscum and Sphagnum girgensohnii had the reverse trend.
The depth-to-water index and slope worked best as a predictor for the Sphag-
num species, due to their affinity for poorly drained, flat areas. Canopy closure
appears to affect the presence probability of Bazzania trilobata, Dicranum
polysetum, Hylocomium splendens, and Sphagnum girgensohnii. All species had
considerably lower occurrences with increased depth of deciduous leaf litter.

The above results suggest that the presence/absence probabilities of bryophyte
species can be predicted using a combination of environmental variables, with
the depth-to-water index as a prominent predictor variable for at least some of
the species. This research therefore extends some of the existing knowledge re-
garding common bryophyte responses to environmental gradients pertaining to
variations in shading, exposure, moisture and nutrient availabilities, and sub-
strate quality and conditions. While this work is limited to New Brunswick, the
sampling effort reached across several upland/wetland combinations under
maritime climate. This suggests that the approach taken and the models so pro-
duced could be useful for estimating the presence/absence probability of com-
mon moss species across New Brunswick and elsewhere under similar climate

conditions.
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