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ABSTRACT

The “ionome”, or plant elemental signature, is the elemental composition of an organisms, that may vary with genotypic
traits and phenotypic plasticity. Cloudberry (Rubus chamaemorus L.) is a circumboreal wild berry naturally growing in
oligotrophic oceanic bogs of Quebec and Labrador. Our objective was to relate cloudberry stand productivity to the
ionomes of female ramets and explore the cause of nutrient imbalance in low-performing stands. We analyzed 13 ele-
ments in female ramets collected in 86 natural sites where crop productivity varied widely. We computed orthogonally
arranged balances reflecting plant stoichiometric rules and soil biogeochemistry. Balances were expressed as isometric
log ratios (ilr) between ad hoc sub-compositions. Balances were synthesized into a Mahalanobis distance optimized
based on receiving operating characteristics (ROC). The critical Mahalanobis distance was found to be 5.29 for cutoff
berry yield of 3.8 g'm > with test performance of 0.88, as measured by the area under the ROC curve. Although past
research on cloudberry focused mainly on the N/P ratio, this exploratory mineral balance analysis indicated that imbal-
ance in the [P,N | S,C] and [Al | Nutrients] partitions appeared to be the factors limiting the most cloudberry productiv-
ity in the bogs. Some highly productive stands showed relatively high C fixation and K use efficiency. Due to the com-
plexity of interactions, diagnosis should be conducted computing first a global imbalance index (Mahalanobis distance),
then examining in the balance domain binary partitions departing most from reference, and finally appreciating relative
shortage, sufficiency or excess of elements in the concentration domain.
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1. Introduction low nutrient supply fed by wet and dry atmospheric
depositions [7]. The “trapping efficiency” of macronu-
trients in oligotrophic bogs is N > P > Ca = Mg > K [8].
Although fruit production can be limited by internal nu-
trient balance, the cloudberry can store available nutri-
ents for future use and has variable and delayed yield re-
sponse to added nutrients [9-11].

In most natural terrestrial ecosystems such as oceanic
oligotrophic bogs where cloudberry grows, plant growth
is N-limited, P limitation occurs frequently, and K limits
plant growth only infrequently [12,13]. Although the N,
P, K, Ca, Mg composition has been determined for Brit-
ish cloudberry stands [14], no nutrient limiting factor was
suggested. The foliar N/P mass ratio is a well-docu-
mented indicator of nutrient limitation to the growth of
"Corresponding author. wild species: plant growth would be N-limited at N/P

The “ionome”, or nutrient signature, is the elemental
composition of an organism [1], which may vary with
genotypic traits and phenotypic plasticity [2,3]. Low
phenotypic plasticity of a species may restrain its abun-
dance and productivity to specific ecological niches. As a
result, plant iomomes have long been recognized as
bio-indicators for mineral prospection and geochemical
anomalies [4-6]. Conversely, the ionome of economically
important plant species may identify ideal mineral envi-
ronments for adequate growth and development.
Cloudberry is of economic value for several Quebec-
Labrador communities. Cloudberry is a wild berry grow-
ing in oligotrophic acid bogs. Bogs are ecosystems with

Copyright © 2013 SciRes. AJPS



Mineral Balance Plasticity of Cloudberry (Rubus chamaemorus) in Quebec-Labrador Bogs 1509

ratios < 14, P-limited at N/P ratios > 16, and co-limited
by N and P at intermediate values [12]. By comparison,
the N/P ratio in cloudberry leaves was in the range of 12
to 14 in Sweden [15], and of 7 to 11 in Scotland [14] and
Norway [16,17].

DRIS, an acronym for diagnosis and recommendation
integrated system, is an empirical diagnostic model that
integrates many dual ratios into nutrient indexes [18].
Because nutrient ratios do not inform whether nutrient
concentrations are simultaneously too high, too low or
adequate [19], they are often used in combination with
nutrient concentration ranges. However, combining the
critical range approach and DRIS may lead to conflicting
results [20-22], indicating that those approaches are
noisy. Although there are D x (D-1)/2 possible dual ra-
tios for a D-parts composition, the compositional matrix
has rank D-1 [23]. DRIS was rectified [24] using the
centered log ratio (clr) of [25]. However, the clr matrix is
singular and one clr value must be sacrificed in multi-
variate analysis [26].

Compositional data, a data class nutrients belongs to,
have special properties related to closure, such as redun-
dancy, scale dependency and non-normal distribution
[25]. As a result, raw [27] or ordinary log-transformed
[28] data based on the ceteris paribus assumption (all
other factors being equal) and dual ratios [29] are not ap-
propriate to conduct multivariate analyses [25,30]. A
more suitable approach requires that multivariate data be
structured coherently and analyzed without bias.

Balances between components of some whole were
defined by [31] to avoid biases when interpreting results
of multivariate analyses of compositional data. A dendo-
gram design illustrates sound links relating nutrient con-
centrations to balances [32]. There are D-1 ad hoc bal-
ances that can be orthogonally arranged as isometric log
ratios (ilr) [33]. A system of plant nutrient balances was
designed with log contrasts between anions and cations
as [Mg,Ca,K | P,N], between anions as [P | N] and, be-
tween cations as [Mg,Ca | K] and [Ca | Mg] [34]. The
nutrient balance concept was used to diagnose soil-plant
relationships [32] and crop mineral nutrition [35,36] and
to classify the nutrient signature of plant species [37].

The aim of this paper was to conduct an unbiased mul-
tivariate diagnosis of cloudberry (Rubus chamaemorus L.)
stands in oceanic bogs of Quebec-Labrador using ad hoc
balances between elements of the leaf ionome. Our hy-
pothesis was that low productivity is attributable to min-
eral imbalance in female ramets. We surveyed cloud-
berry stands varying in fruit productivity and separated
true negative from true positive specimens using an un-
biased multivariate distance and receiving operating
characteristics (ROC) curves. The cause of imbalance
was identified using a stand-alone pan balance design
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with balances at fulcrums (“balance domain”) and ilr-
back-transformed concentrations in buckets (“concentra-
tion domain”).

2. Material and Methods
2.1. Sampling Sites

The dataset comprised 86 natural sites (1-m in diameter)
of contrasting berry yields sampled in 2009 in acid om-
brotrophic (rainfed and oligotrophic) oceanic bogs lo-
cated between Old Fort and Blanc-Sablon on the Lower
North Shore of the gulf of St-Lawrence (51°25'N;
57°12'W) near Labrador.

The developmental stages of cloudberry [38] guided
the sampling procedure. At least six leaves from female
ramets were collected in each plot on July 20" and 21" at
stage 11 (calyx). Total number of female ramets was
counted in each plot. The number of female ramets was
calibrated against fruit yield from 36 more accessible
plots (1 m by 2.5 m) located closed to Blanc-Sablon-
where fruit yield were measured at stage 13 (fruit set)
from the 28™ July to the 23" August (i.e. 27 to 57 days
after flowering). Leaf C, N and S were quantified by
combustion using a Leco CNS-2000 instrument. Other
elements were quantified by plasma emission spectros-
copy (ICP-OES) after tissue digestion in a mixture of
perchloric and nitric acids [39].

2.2. Sequential Binary Partition

Mineral balances outlined in a sequential binary partition
(SBP) should reflect the functions of minerals in the
plant system as well as principles of soil geochemistry
(Table 1). There are 13 orthogonal balances in a compo-
sitional vector made of 13 analytical results and the fill-
ing value (14 components in total). The first balance was
selected as a contrast between analytical data and the
filling value to measurement unit. Because Al may inter-
fere with several essential nutrients in plants [40], Al was
contrasted with nutrients in the second balance. Another
balance contrasted macro-nutrients plus B with other
analytical results. We balanced macro-nutrients with B
because B interacts mainly with macro-nutrients [41].

The C:S:N:P and K:Ca:Mg stoichiometric rules were
contrasted to reflect protein synthesis requiring energy as
ATP [42], the biogeochemistry cycles of C, S, N and P
[43], and cationic interactions [19]. The stoichiometric
rules were further split into three and two additional con-
trasts, respectively. Other balances were designed based
on nutrient availability. The Cu and Zn are naturally at
low availability levels in organic soils [44], while micro-
bial activity and sulfur largely interfere in Mn and Fe
geochemistry [8,45].
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Table 1. Sequential binary partition of the cloudberry analytical data between +1 components at numerator and —1 compo-
nents at denominator to compute isometric log ratios (Equation (1)).

irldD C N P K Ca Mg S B Cu

Zn Mn Fe

Al Fv n" n 1Ir definition

ilry 1 1 1 1 1 1 1 1 1 1 1 1
ilr, 1 1 1 1 1 1 1 1 1 1 1 1
ilr; 1 1 1 1 1 1 1 1 -1 -1 -1 -l
ilry, 0 0 0 0 0 0 0 0 1 1 -1 -1
ilrs 0 0 0 0 0 0 0 0 1 -1 0 0
ilrg 0 0 0 0 0 0 0 0 0 0 1 -1
ilr; 1 1 1 1 1 1 1 -1 0 0 0 0
ilrs 1 1 1 -1 -1 -1 1 0 0 0 0 0
il 0 0 0 1 -1 -1 0 0 0 0 0 0
ilrp 0 0 0 0 1 -1 0 0 0 0 0 0
ilrp 1 -1 -1 0 0 0 1 0 0 0 0 0
ilr, 1 0 0 0 0 0o -1 0 0 0 0 0

ilr; 0 1 -1. 0 0 o0 O o0 0 0 O 0

[Fv | Al,Fe,Mn,Zn,Cu,B,S,Mg,Ca,K,P,N,C]
[Al | Fe,Mn,Zn,Cu,B,S,Mg,Ca,K,PN,C]
[Fe,Mn,Zn,Cu | B,S,Mg,Ca,K,P,N,C]
[Fe,Mn | Zn,Cu]

[Zn | Cu]

[Fe | Mn]

[B | S,Mg,Ca,K,P,N,C]

[Mg,Ca,K|S,PN,C]

0 0 1 2 [Mg,Ca | K]
0 0 1 1 [Mg | Ca]

0 0 2 2 [PN|S,C]
0 0 1 1 [s|Cl

0 0 1 1 [P|N]

2.3. Statistical Analysis

Mineral balances were computed as ilrs between the
geometric means of two sub-compositions as follows

[33]:
9(c)

(<)
where i = 1 to D-1, ilr; is the i™ isometric log ratio, n’

and n; are, respectively, numbers of components la-
beled “+17 and “~1” in the i" row of the SBP, g(c) is

. n'n-
il =, [—/——1In
n"+n

(M

geometric mean of components labeled “+1” and ¢ (Ci' )

is geometric mean of components labeled “~1” in the i®

row of the SBP. Equation (1) avoids numerical biases as

follows:

e The ilr values are orthogonal to each other, thus line-
arly independent, and the ilr matrix has rank D-1,
hence avoiding redundancy.

e The log ratio between sub-compositions A and B, i.e.
log(A/B), scans the unconstrained real space while
raw concentrations are constrained to the composi-
tional space of the measurement unit; an uncon-
strained space is required to (1) conduct statistical
analyses and determine data distribution and (2) avoid
confidence intervals reaching values below zero or
above 100%, a physical impossibility;

e The ilr values are scale invariant; the difference be-
tween dry and fresh weight bases implies only the ad-
dition of a balance between water and components of
the dry weight. When scale is changed from dry to
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fresh weight basis, all other balances remain un-
changed.

In this paper, balances are conventionally noted as [—1
or denominator group | +1 or numerator group], because in
algebra, negative numbers are located on the left side of
the zero. As a result, when — group loads more, balance
leans to the left and when + group loads more, balance
leans to the right. For example, ilr, =.//2In(N/P) is
the ilr counterpart of our conventional [P | N] partition.
As N loads more on this ilr, the ilr increases in value and
the [P | NJ] partition leans to the right due to heavier
weight in the N bucket compared to P. Conversely, as P
loads more, the balance becomes more negative and
leans to the left.

The stands were partitioned into four quadrants using
response and predictor delimiters, by relating counts of
female ramets and the Mahalanobis distance (M), com-
puted between the median of the ilrs of the reference
population and the ilrs of each observation, accounting
for the covariance of the reference population [32]. Be-
cause multivariate plant data sets contain extreme values,
a method based on the median is needed to compute ro-
bust multivariate distances [30]. Each quadrant was inter-
preted as follows:

e True positive (TP: nutrient imbalance): low yield
crops correctly diagnosed as imbalanced (above criti-
cal index). At least one nutrient is imbalanced.

o False positive (FP: type I error): high yield crops in-
correctly identified as imbalanced (above critical in-
dex). FP points indicate below-normal or luxury con-
sumption of nutrients.
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e True negative (TN: nutrient balance): high yield crops

correctly diagnosed as balanced (below critical index).

The nutrient status is adequate.

e False negative (FN: type II error): low yield crops
incorrectly identified as balanced (below critical in-
dex). FN points show impact of other limiting factors
on crop performance.

Sensitivity is the probability that a low yield is imbal-
anced, computed as TP/(TP + FN). Specificity is the
probability that a high yield is balanced, computed as
TN/(TN + FP). The accuracy of the classification is the
probability that an observation is located in the “true”
quadrant, i.e. (TN + TP)/(TN + TP + FN + FP).

The selected response (female ramet counts) delimiter
corresponded to the maximal area under the sensitivity
versus specificity curve (AUC), as known as the receiv-
ing operating characteristic (ROC) curve [46,47]. The
selected predictor (M) delimiter corresponded to best
compromise between sensitivity and specificity, i.e. the
maximum value obtained by Youden’s J index (J = sen-
sitivity + specificity — 1) [48]. Because the value of the
M delimiter defines the reference population from
which M is computed, M values were iterated until
two successive classifications were identical.

Statistical computations were conducted in the R sta-
tistical environment [49]. The ilr transformations, as well
as ilr back-transformations to familiar concentration
units, were computed using the R “compositions” pack-
age [50]. Some B and Cu levels below detection limits
were replaced by the detection limit of the equipment for
the corresponding element, multiplied by 0.65 [51].
Tukey’s test (p < 0.05) allowed detecting significant dif-
ference between TN and TP populations. Linear dis-
criminant analysis was performed using the R “MASS”
package [52].
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3. Results
3.1. Data Partitioning and ROC Analysis

The counts of female ramets were found to be closely
related to cloudberry yields in the 40 calibration plots
(Figure 1) and thus representative of crop productivity.
Fruit yield varied between 0 and 15 g-fruit-m > corre-
sponding to 0 to 60 female ramets-m .

The ionome and fruit production varied widely be-
tween stands (Table 2). As a result, the dataset appeared
to be appropriate for conducting ROC analysis. The
maximal area under the curve was reached at 22.9 female
ramets'm ° (Figure 2(a)), corresponding to a yield of 3.8
g-m >, The receiving operating characteristic (ROC)

R2 = 0.934 /
15- 10g,,(y) = 1.568 log,,(X) - 1.557
/ O
o £
- o/ ©
§10— oONV 4
8=
o /
[}
> O/
O
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Figure 1. Relationship between cloudberry yields and
counts of female ramets in Canadian bogs, based on data
collected on experimental sites.
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Figure 2. (a) Area under the ROC (receiving operating characteristic) curve (AUC) relating test sensitivity to specificity, as
computed from the step curve, and (b) ROC curve corresponding to the maximum AUC.
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Table 2. Yield, female ramet counts and mineral composition in 86 natural cloudberry stands of the Quebec Lower North
Shore of the St-Lawrence River, as well as their associated binary classification.

Yiela Female oy P K Ca Mg S B Cu Zn Mn  Fe Al
Bog.site ramets Quadrant
g'm™ count-m > g'kg™' (dry matter basis)

Beaulieu 187.2 515 17.3 1.08 12.1 435 4.70 0.98 0.0258 0.00175 0.0470 1.01 0.133 0.0156 TN
Beaulieu 124.8 513 21.8 0.98 12.2 3.37 4.39 1.00  0.0258 0.00407 0.0729 0.78 0.148 0.0189 TN
Beaulieu 70.0 506 212 071 105 373 420 1.04 0.0258 0.00037 0.0713 0.72 0.148 0.0160 TN
Beaulieu 45.8 516 19.5 0.91 11.9 5.00 3.88 0.92 0.0258 0.00093  0.0550 0.31 0.135 0.0090 TN
Beaulieu 105.7 538 20.4 1.15 9.5 333 4.72 1.06 0.0258 0.00037 0.0510 0.35 0.120 0.0102 TN
Brador Path 11.5 515 213 1.51 73 4.13 4.14 1.46 0.0239 0.00037 0.0497 0.51 0.188 0.0333 TP
Brador Path 16.6 515 20.6 1.62 8.2 435 4.59 1.44 0.0239 0.00122 0.0552 0.53 0.128 0.0374 TP
Brador Path 153 512 17.7 1.66 7.8 437 5.11 1.36  0.0239 0.00037 0.0597 0.38 0.170 0.0394 TP
Brador Path 20.4 507 21.6 1.56 7.5 5.39 5.73 1.46 0.0239 0.00037 0.0681 0.28 0.123 0.0359 TP
Brador Path 7.6 509 214 1.53 6.5 595 536 1.13 0.0239 0.00037 0.0618 036 0.118 0.0347 TP
Lichen (BS2E) 10.0 511 29.1 138 119 403 499 130 0.0416 0.00111 0.0999 0.26 0.100 0.0138 TP
Lichen (BS2E) 15.2 504 27.0 1.47 12.4 327 480 1.30 0.0417 0.01177 0.0964 0.13 0.102 0.0233 TP
Lichen (BS2E) 10.8 505 28.3 1.74 10.6 1.97 5.47 1.39 0.0332 0.00986 0.0826 0.13 0.110 0.0280 TP
Lichen (BS2E) 7.2 503 31.0 2.07 133 2.04 5.00 1.38 0.0393 0.00671 0.0747 0.11 0.104 0.0416 TP
Lichen (BS2E) 124 505 29.0 1.66 10.1 3.15 4.00 1.67 0.0332 0.00252  0.0691 0.04 0.091 0.0196 TP
Lichen (BS2E) 30.8 501 27.8 1.67 8.3 3.35 4.50 1.51 0.0393 0.00287 0.0729 0.05 0.096 0.0184 TN
Lichen (BS2E) 21.6 495 26.1 1.42 10.1 3.72 5.11 1.36 0.0417 0.00387  0.1054 0.48 0.096 0.0271 TP
Lichen (BS2E) 8.8 497 29.7 1.66 12.1 3.12 4.70 1.57 0.0416 0.00686 0.1148 0.54 0.174 0.0376 TP
Lichen (BS2E) 324 494 26.2 2.13 12.1 3.60 4.68 1.31 0.0393 0.00811 0.0617 0.09 0.099 0.0252 TN
Lichen (BS2E) 32.0 467 280 224 120 3.23 4.63 1.33  0.0332 0.00963 0.0680 0.11 0.100 0.0211 N
Lichen (BS2E) 13.2 494 27.7 2.33 117 444 5.16 1.23  0.0416 0.00682 0.0734 0.14 0.099 0.0254 TP
Lichen (BS2E) 13.2 493 29.2 2.26 12.2 3.20 4.49 1.30 0.0417 0.00869 0.0661 0.10 0.093 0.0200 FN
Lichen (BS2E) 5.6 491 286 202 118 365 460 134 0.0416 0.00392 0.0702 0.08 0.106 0.0204 FN
Lichen (BS2E) 11.2 487 27.2 1.81 114 482 474 1.31 0.0417 0.00293  0.0831 0.19 0.092 0.0260 TP
Lichen (BS2E) 11.6 485 26.5 1.72 12.4 3.21 421 1.28 0.0332 0.00573  0.0520 0.05 0.098 0.0182 TP
Lichen (BS2E) 4.4 488 259 1.58 134 3.59 431 1.19 0.0393 0.00579 0.0669 0.04 0.107 0.0207 TP
Lichen (BS2E) 74.8 471 284 1.73 12.7 3.69 4.81 1.52 0.0332 0.00469 0.0646 0.18 0.104 0.0192 TN
Lichen (BS2E) 76.8 492 27.0 1.90 11.7 3.72 5.20 142 0.0393 0.00346 0.0550 0.11 0.100 0.0211 TN
Lichen (BS2E) 41.6 492 27.0 1.63 8.6 3.76 4.68 1.42  0.0417 0.00561  0.0555 020 0.104 0.0236 TN
Lichen (BS2E) 36.8 474 22.6 1.76 6.3 4.02 4.98 1.18 0.0416 0.00381 0.0611 0.17 0.107 0.0237 TN
Mannys Brook 127.3 513 20.7 1.28 7.4 442 5.20 1.32 0.0296 0.00037 0.0623 0.47 0.148 0.0266 TN
Mannys Brook 31.8 507 209 1.17 4.5 435 7.52 1.25 0.0296 0.00037 0.0934 0.44 0.168 0.0331 N
Mannys Brook 26.7 514 214 1.03 53 4.06 5.83 1.22° 0.0296 0.00460 0.0610 0.36 0.144 0.0176 FP
Mannys Brook 26.7 517 235 1.15 7.4 5.06 5.09 1.30  0.0296 0.00037 0.0645 0.80 0.136 0.0147 TN
Mannys Brook 382 527 21.1 085 9.1 328 376 1.11 0.0296 0.00037 0.0679 0.49 0.141 0.0151 TN
Middle Bay Road 14.0 518 20.6 1.23 9.3 4.21 4.57 1.33 0.0182 0.02333  0.0577 0.25 0.180 0.0249 TP
Middle Bay Road 16.6 508 19.0 1.29 9.6 3.63 4.23 1.15 0.0182 0.02127 0.0587 0.29 0.137 0.0172 TP
Middle Bay Road 10.2 502 19.5 1.13 9.1 4.55 4.87 1.55 0.0182 0.02071 0.0530 0.38 0.234 0.0381 TP
Middle Bay Road 20.4 512 19.5 1.22 7.0 4.15 4.39 1.05 0.0182 0.01742 0.0327 0.21 0.150 0.0212 TP
Middle Bay Road 7.6 489 209 1.48 6.6 8.77 5.32 1.09 0.0182 0.04249 0.0535 0.09 0.277 0.0459 TP
North Est of Smelt Pond 25 491 173 1.48 8.5 404 6.3 131 0.0256 0.01911 0.0688 0.87 0.211 0.0414 TP
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Continued
North Est of Smelt Pond 6.4 485 19.2 1.34 109 523 527 271 0.0256 0.00705 0.0563 0.36 0.173 0.0318 TP
North Est of Smelt Pond 102 482 153 131 85 426 636 249 0.0256 0.00523 0.0792 0.66 0213 0.0445 TP
North Est of Smelt Pond 140 481 175 120 113 378 512 281 0.0256 0.00143 0.0569 0.63 0.228 0.0251 TP
North Est of Smelt Pond 102 478 186 142 81 423 591 205 0.0256 0.00461 0.0863 0.55 0.521 0.0455 TP
North of Blue Moon 153 500 160 105 68 295 434 070 0.0283 0.00037 0.038 0.66 0260 0.0933 TP
North of Blue Moon 242 530 185 116 74  3.12 441 082 0.0283 0.0037 00451 034 0213 00782 FP
North of Blue Moon 21.6 523 21.5 1.18 8.7 372 425 1.11  0.0283 0.00110 0.0668 0.27 0.122  0.0405 TP
North of Blue Moon 178 520 206 137 114 303 412 1.04 0.028 0.00037 0.0495 0.50 0.121 0.0591 TP
North of Blue Moon 140 508 242 156 82 566 603 127 0.028 0.00037 0.0656 0.81 0.130 0.0378 TP
North of Trout Pond 229 499 205 1.04 40 554 619 109 0.0308 0.00329 0.0693 0.12 0.151 0.0193 FN
North of Trout Pond 216 518 188 081 3.9 541 563 130 0.0308 0.00306 00729 0.14 0.156 0.0203 TP
North of Trout Pond 484 524 166 087 35 401 556  0.87 0.0308 0.00339 00624 0.11 0.156 0.0202 FP
North of Trout Pond 497 516 167 087 46 460 508 088 0.0308 000308 0.0730 0.12 0259 0.0207 TN
North of Trout Pond 216 511 188 078 42 613 544 119 0.0308 0.00264 00854 0.2 0.169 00265 TP
South of Smelt Pond 8.9 476 167 126 6.6 357 509 073 0.0249 0.00741 0.0644 1.04 0.112 0.0335 TP
South of Smelt Pond 204 477 166 128 66 410 520 0.87 0.0249 0.00279 0.0565 1.00 0.114 0038 TP
South of Smelt Pond 178 497 198 131 69 339 468 112 0.0249 0.00251 0.0546 0.75 0.107 0.0317 TP
South of Smelt Pond 19.1 493 199 136 73 377 418 115 0.0249 0.00350 0.0578 0.44 0.112 0.0309 TP
South of Smelt Pond 7.6 491 18.5 1.30 7.7 328 457 1.01  0.0249 0.00293 0.0660 0.56 0.111 0.0353 TP
Sphaigne (BS2F) 7.6 533 262 1.08 63 405 458 179 0.0205 0.0037 0.0673 0.4 0.121 00248 TP
Sphaigne (BS2F) 8.9 532 244 091 107 405 464 201 0.0205 0.00037 0.0640 033 0.166 00214 TP
Sphaigne (BS2F) 229 522 17.8 118 154 427 3.65 1.88 0.0205 0.00037 0.0442 041 0.134 00211 FP
Sphaigne (BS2F) 102 519 189 127 128 455 489 155 0.0205 0.0037 0.0555 0.08 0.131 0.0334 TP
Sphaigne (BS2F) 127 517 168 072 109 274 405 225 0.0205 0.00037 0.0658 046 0.129 0.0272 TP
Sphaigne (BS2F) 128 520 518 263 1.8 99 364 404 139 0.0350 0.00037 0.0549 0.9 0.109 00138 TN
Sphaigne (BS2F) 145 600 512 222 175 87 330 444 101 0.0350 0.00037 0.0557 0.3 0.146 0.0192 TN
Sphaigne (BS2F) 1.1 568 520 247 160 101 381 408 1.13 0.0350 0.00037 0.0370 0.09 0.099 0.0105 TN
Sphaigne (BS2F) 98 372 521 265 169 89 379 494 147 0.0350 0.00037 0.0544 0.02 0.158 0.0146 FP
Sphaigne (BS2F) 10.8 404 510 277 206 118 194 38 138 00350 0.00037 0.0543 0.14 0.108 0.0132 TN
Sphaigne (BS2F) 125 440 516 225 168 75 283 518 094 00350 0.00037 0.0609 0.12 0212 0.0249 TN
Sphaigne (BS2F) 12 124 519 237 152 67 423 479 140 0.0350 0.00037 0.0490 0.09 0.144 0.0191 FN
Sphaigne (BS2F) 0.3 6.0 521 255 132 68 333 494 145 0.0350 0.0037 0.0721 0.09 0.177 0.0233 FN
Sphaigne (BS2F) 0.8 8.8 515 213 140 68 301 452 129 0.0350 0.00037 00534 0.08 0.187 00265 TP
Sphaigne (BS2F) 0.6 72 510 21,5 138 7.7 275 448 134 0.0350 0.00037 0.0470 0.07 0.146 00176 TP
Sphaigne (BS2F) 57 264 498 231 156 83 263 512 128 0.0350 0.0037 0.0703 027 0.171 0.0199 TN
Sphaigne (BS2F) 69 292 494 212 139 82 284 464 100 0.0350 0.00037 00646 038 0.163 00192 TN
Sphaigne (BS2F) 4.2 28.4 498 222 1.50 9.3 292 451 0.97 0.0350 0.00230 0.0541 0.24 0.123 0.0142 ™
Sphaigne (BS2F) 46 336 492 206 141 7.1 319 505 1.01 00350 0.01122 00733 025 0213 0.0195 TN
Sphaigne (BS2F) 25 140 493 195 141 94 217 454 1.63 0.0350 0.00037 0.0462 0.61 0205 0.0234 TP
Sphaigne (BS2F) 28 120 492 182 132 104 241 500 218 0.0350 0.00037 0.0476 0.2 0231 0.0199 TP
West of Trout Pond 140 482 198 089 65 496 611 184 00328 0.00197 0.1125 054 0.179 0.0343 TP
West of Trout Pond 102 480 172 076 56 456 7.58 123 0.0328 0.00193 0.1383 029 0213 0.0344 TP
West of Trout Pond 8.9 473 16.3 0.76 5.1 5.21 8.62 1.30 0.0328 0.00341 0.1624 0.51 0.180 0.0448 TP
West of Trout Pond 17.8 478 18.0  0.80 4.6 4.60 7.06 1.25 0.0328 0.00341 0.1038 0.43 0.167 0.0331 TP
West of Trout Pond 166 477 181 085 7.1 517 565 115 0.0328 0.00170 0.1021 020 0.160 0.0264 TP
Copyright © 2013 SciRes. AJPS
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curve corresponding to this response delimiter is shown
in Figure 2(b). The area under the ROC curve (AUC), as
computed from the step curve, was 0.88, i.e. in the 0.05
confidence range of that computed using a binormal lin-
ear regression [53], i.e. [0.86; 0.93]. The maximum of
Youden’s index was found at a specificity of 0.91 and a
sensitivity of 0.84 (Figure 2(b)). The optimal predictor
(Mahalanobis distance, M) delimiter corresponding to
this point was 5.29. The binary classification is shown in
Figure 3. There were 26 true negative (TN) and 50 true
positive (TP) specimens, leaving 5 specimens as false
negative (FN) and 5 specimens as false positive. The
overall accuracy of the classification was 88%. The ilr
medians of TN and TP specimens are presented in Table
3, while the covariance matrix of TN specimens used to
compute M is presented in Table 4. The quadrant at-
tributed to each observation in shown in Table 2.

3.2. Pairwise Comparisons between Nutrient
Balances in TN and TP Subpopulations

The balance contrasting Al and 12 nutrients was the most
significantly different (p < 0.0001) between TN and TP
specimens (Figure 4). Compared to TN specimens, there
was a significant (p < 0.05) trend for TP specimens to
accumulate relatively more minerals relatively to the
filling value, more macronutrients relatively to B and
more C and S relatively to N and P, as shown by positive
differences in the [Fv | Elements], [B | S,Mg,Ca,K,P,N,C]
and [P,N | S,C] balances. On the other hand, TN speci-
mens accumulated significantly more macro-nutrients
and B relatively to micronutrients. Moreover, the [S | C]
balance of TN specimens was significantly more on
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Figure 3. Binary classification across female ramet counts

vs Mahalanobis distance of ilr balances, computed from the

median of TN specimens, using the covariance of TN speci-

mens. TN = true negative; FN = false negative; TP = true

positive; FN = false positive.
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Figure 4. Tukey test (p = 0.05) for ilr differences between
true positive (TP) and true negative (TN) specimens in the
calibration cloudberry data set. Differences are significant
(p < 0.05) where they do not overlap zero. Differences tilt-
ing on the left side of the origin indicate that balances of TP
specimen are lower than TN’s, i.e. that the left part of the
balance (e.g. Al in [Al | Nutrients]) is more important in TP
specimens than in TN’s, and inversely.

the C side than TPs’. While there were significant (p <
0.05) trends for other balances, linear discriminant
analysis showed that [P,N | S,C] and [Al | Nutrients]
were the most discriminating balances between TN and
TP specimens (Figure 5).

Although N or P may often limit plant growth in natu-
ral environments [12,13], the N/P ratio ranged (p = 0.05)
from 15.2 to 17.3 inlow- and from 15.1 to 18.0 in high-
yielding specimens, i.e. ranges overlapped the narrow
optimum range of 14 - 16 suggested by [12].

3.3. Nutrient Balance Diagnosis

Balances can be represented by a mobile diagram, with
fulcrums and weighing pans, where nutrient concentra-
tions in buckets impact directly on nutrient balances at
fulcrums, hence avoiding conflicting results. The pan
balance device (Figure 6) shows average ilr values of
TN, TP, FN and FP specimens around the overall aver-
age at fulcrums. Back-transformed ilr to concentration
values are shown in buckets (weighing pans) and in the
underlying table.

While Al toxicity can be diagnosed by the [Al | Nutri-
ents] balance, its importance can be appreciated in the Al
bucket, where Al concentrations were higher in TP than
in TN specimens.

4. Discussion

The ROC is a signal-to-noise, scale-invariant, measure
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Table 3. The ilr medians of cloudberry stands classified as TN and TP.

1515

TN TP
IIr definition

LL Median UL LL Median UL
[Fv | AlL,Fe,Mn,Zn,Cu,B,S,Mg,Ca,K,P,N,C] —6.359 —6.318 —6.277 —6.267 —6.230 —6.192
[Al| Fe,Mn,Zn,Cu,B,S,Mg,Ca,K,P,N,C] 3.659 3.768 3.876 3.185 3.283 3.381
[Fe,Mn,Zn,Cu | B,S,Mg,Ca,K,P,N,C] 7.322 7.572 7.822 6.959 7.168 7.378
[Fe,Mn | Zn,Cu] —3.648 —3.284 -2.919 -3.018 —2.750 —2.481
[Zn | Cu] —3.434 -3.071 —2.707 —2.671 —2.390 —2.109

[Fe | Mn] 0.142 0.358 0.575 0.409 0.573 0.738
[B|S,Mg,Ca,K,P,N,C] 5.103 5.154 5.204 5.217 5.285 5.352
[Mg,Ca,K | S,P,N,C] 0.982 1.069 1.156 0.929 0.983 1.037

[Mg,Ca | K] 0.616 0.739 0.862 0.430 0.532 0.634
[Mg | Ca] —0.250 —0.188 —0.125 -0.211 —0.159 —0.107

[P,N]S,C] 1.331 1.403 1.475 1.491 1.562 1.634

[S|C] 4238 4.291 4.344 4.142 4.200 4258

[P|N] 1.883 1.947 2.010 1.878 1.922 1.967

Table 4. Covariance matrix between ilr values of TN specimens used for the computation of the Mahalanobis distance (for

definition of ilrs, see Table 1).

ilr, ilr ilr ilry ilrs ilrs ilr; ilrg ilry ilryo ilry, ilrp ilr;
ilr, 0.01037
ilr, —0.00432 0.07239
ilr; —0.04672 —0.00384 0.38300
ilry,  0.05017 -0.00964 —0.10456 0.81421
ilrs  0.06967 0.02883 —0.29871 0.71995 0.80875
ilrs 0.01082 0.03882 —0.13179 —0.27831 —0.11019 0.28696
ilr;  0.00149 0.01385 —0.01012 —0.04006 —0.01939 0.04148 0.01553
ilrg —0.00370 —0.01823 0.07115 0.07166 0.00555 —0.06983 —0.01614 0.04607
ilry, —0.00179 0.04448 0.04016 0.03870 0.04104 0.01218 0.00966 0.01031 0.09232
ilrp, 0.00002 0.01940 -0.00975 —0.00720 0.01221 0.02129 0.00736 —0.02091 —0.00181 0.02393
ilr;; —0.00123 0.00708 —0.04267 —0.09724 —0.06086 0.05717 0.00971 -0.02920 —0.01986 0.01265 0.03184
ilr, —0.00382 0.00741 -0.02332 -0.05368 —0.02798 0.01177 0.00106 -0.01668 —0.00612 0.00368 0.01099 0.01698
ilr;; —0.00080 0.01205 -0.03294 —0.06596 —0.04165 0.04789 0.00880 —0.02225 —0.00477 0.01145 0.02444 0.00662 0.02483

that is uninfluenced by decision biases and prior prob-
abilities and that places performance of diverse systems
on a common, easily interpreted, scale [46]. In compari-
son, DRIS divides survey data arbitrarily into high- and
low-yield subpopulations [29]) with no consideration of
luxury consumption by false positive specimens. The
area under the ROC curve for the selected response de-

Copyright © 2013 SciRes.

limiter was 0.88, a value that appeared fairly high. In
clinical biology, an AUC of 0.80 to 0.95 is considered
informative [46]. The accuracy of the classification was
88%. By comparison, [47] found accuracies > 0.80 in
assigning the Fe response status of a given Arabidopsis
plant, based on its shoot ionome.

Cloudberry productivity in five stands diagnosed as FN
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eaisor I
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Figure 5. The larger the coefficient for balance, the more important is the role of the balance in the discriminant function that

differentiates TN from TP specimens.

Figure 6. Mobile-and-fulcrums scheme of a balance system for the cloudberry mineral composition. Location of fulcrums is
determined by the average ilr of all specimens. Departure from fulcrum indicate imbalance. Concentrations in g-kg™' are lo-
cated in buckets are back-transformed average ilr values for TN, TP, FN and FP specimens.

was apparently limited by factors other than plant nutri-
tion such as night frosts that damage the flowers [54,55],
as well as micro-climatic conditions, pollination success
and competition that impact on flowering, fruit abortion
and yield variability [54,56-58]. The five specimens lo-
cated in FP may be inferred as cases of high C fixation
capacity and K use efficiency. A proportion of 84%
(26/31) of balanced specimen showed high productivity
and 91% (50/55) of imbalanced specimen returned low
productivity, indicating a major role of nutrient balances
in sustaining berry productivity in the bogs.

The [P,N | S,C] and [Al | Nutrients] balances produced

Copyright © 2013 SciRes.

the largest discrepancy between TN and TP specimens.
This exploratory analysis of cloudberry ionomes pro-
vided a starting point that identified Al and S as the most
probable element misbalancing the ionome, hence limit-
ing the productivity of TP specimens.

Imbalance in the C:S:N:P relationship described by the
[P,N | S,C] balance may be symptomatic of sulfur bio-
geochemistry under various water saturating conditions
occurring in bogs and possibly controlling H,S emissions
and toxicity that may affect plant C fixation and protein
metabolism. Our results show that the relationship be-
tween N and P, where the [P | N] balance did not differ
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significantly between TN and TP specimens, should be
interpreted in the context of the C:S:N:P relationship
driving plant metabolism.

The [Al | Nutrients] balance was the second most im-
portant balance discriminating between TN and TP, in-
dicating relative intolerance to Al. The Al is considered
as the primary growth limiting factor in acid soils, espe-
cially where base saturation is low due to relatively low

soil Ca and Mg levels on cationic exchange capacity [59].

Low soil pH values, as found in oligotrophic bogs where
cloudberry grows, can increase the solubility of A",
which is toxic to plants [19]. In oligotrophic bogs, Al
may accumulate in the zone of water table fluctuation [7]
near bog surface where rhizomes of cloudberry grow
(circa 15 cm below soil surface). In TN specimens, Al
concentration averaged 0.018 compared to 0.030
g-Al'’kg™" in TP specimens. The Al content normally
varies between 0.050 and 0.400 g-Al-'kg™" in leaves [60],
indicating very low tolerance of cloudberry to Al com-
pared to other plants. However, because plant tolerance
to Al may depend also on Al interactions with other
minerals such as B, P, Ca and Mg [60], any critical Al
concentration value must be interpreted with care, i.e.
within the context of other elements rather than under the
ceteris assumption that other elements (C, N, P, K, Ca,
Mg, S, B, Cu, Zn, Mn, Fe) have equal effect across
stands.

The pan balance approach relates concentration values
in buckets to balances at fulcrums in a stand-alone mo-
bile system (Figure 6). Statistical analysis and diagnoses
are conducted in the balance domain, while as relative
shortage, sufficiency or excess can be appreciated in the
concentration domain. Departure from reference ilr val-
ues at fulcrums can be corrected by rebalancing concen-
tration values in buckets. The mobile metaphor shows
that the [Al | Nutrients] imbalance was prominent in TP
specimens, as confirmed by the Tukey test (Figure 4)
and might impact on other balances due to apparent Al
toxicity. Indeed, B was inversely related to Al, presume-
bly resulting from B fixation in higher Al soils [60]. In-
creasing the importance of B in a specimen with an
ionome located at the TP average (dark triangles in Fig-
ure 6) might rebalance [B | Macro-nutrients]. In the same
manner, rebalancing [S | C] will affect [P,N | S,C] and so
on for higher balance levels in the partition hierarchy.
This complex system should be monitored interactively
to quantify the effect of remedial actions on nutrient bal-
ances across the mobile. The [Fe,Mn,Zn,Cu | B,S,Mg,Ca,
K,P,N,C] TP balance appeared significantly higher than
TN’s, primarily because concentration of cationic micro-
nutrients were higher in TP. This emphasizes diagnosing
global imbalance and the balances first before evaluating
the relative position of each concentration value com-
pared to the reference.

Copyright © 2013 SciRes.

Although Mn appeared at relatively low and N at rela-
tively high levels in FN (Figure 6), its Mahalanobis dis-
tance from TN specimens was still lower than the predi-
tor delimiter. On the other hand, K appeared at relatively
low and C at relatively high level in FP specimens, indi-
cating relatively high C fixation capacity as well as high
K use efficiency compared to specimens in other quad-
rants.

Proper site selection [61] should include analyses of
soil biologically active Al and S forms to avoid areas
showing high risk of imbalance in ionomes and as a
guide for site selection or remedial actions. Nutrient so-
lution experiments and field trials are necessary to ascer-
tain the effect of Al and S as well as other nutrient im-
balances on crop productivity and suggest effective cor-
rective measures to re-establish the mineral balance of
cloudberry. Nutrient balances should be monitored regu-
larly to interpret the effect of remedial actions on this
complex system.

5. Conclusion

The design of orthogonal, physiologically functional and
geochemically cloudberry sound balances allowed ex-
ploring the possible causes of elemental imbalance in
ionomes of low-performing stands. The approach com-
prised a unbiased multivariate analysis of elemental bal-
ances based on the Mahalanobis distance between ob-
servations and a reference population determined using
optimization techniques related to receiving operating
characteristic (ROC) curves. A coherent pan balance
system illustrated the complexity of elemental interac-
tions in cloudberry stands using a mobile-fulcrums-
buckets mechanical device where concentration values
influence ad hoc balances directly. The excessive level of
Al and S in female ramets appeared to be the most im-
portant factors limiting cloudberry productivity. Nutrient
solution experiments and field trials are necessary to as-
certain the effect of Al and S for correcting measures on
the mineral balance of cloudberry in oceanic bogs of
Quebec-Labrador.
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e The critical Mahalanobis distance between true nega-
tive (balanced and highly productive) and true posi-
tive (imbalanced and of low productivity) specimens
corresponded to an area under the receiving operating
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low tolerance to Al imbalanceand this could be used
as criterion for site selection.
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