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Abstract Elemental ratios of calcium (Ca), stron-

tium (Sr) and barium (Ba) in plant tissue have been

used to help identify sources of Ca in trees. However,

recent work has clearly shown that ratios of Ca:Sr or

Ca:Ba in plant tissues differ from soil values and

discrimination factors (alteration of elemental ratios of

Ca, Sr and Ba) have been established to account for

differences between soil and foliar values. In this

study, concentrations of Ca, Sr and Ba (and molar

ratios) in bulk deposition, throughfall, soil water and

stream water were measured along with tree chemistry

and biomass (foliage, branches, bark, wood, roots and

litter) at a forested catchment in central Ontario,

Canada. Concentrations of Ca, Sr and Ba vary greatly

among the eight dominant tree species and plant tissue

and molar ratios of Ca:Sr or Ca:Ba vary more than

tenfold. In general Ca:Sr ratios were highest in foliage

(up to 3,175) and lowest in wood (low as 91) and the

mass-weighted Ca:Sr ratio of the total tree biomass

was approximately 340. The molar ratio of Ca:Sr in

bulk precipitation was *820, increased to over 1,000

in throughfall and then decreased steadily through the

various soil horizons, falling to 320 in the B horizon.

Conservative mass balances for the forest floor for Ca,

Sr and Ba suggest that more than half the Ca, Sr and Ba

annual uptake by trees is obtained from mineral soil,

which is consistent with the observation that the

weighted-average ratios of Ca:Sr, Ca:Ba or Ba:Sr in

the forest biomass fall between values in water

draining the forest floor and water draining the rooting

zone (B horizon). This work shows that discrimination

between Ca, Sr and Ba is primarily internal to trees and

discrimination factors between soil and foliage should

be interpreted with caution.

Keywords Calcium � Strontium � Barium �
Trees � Discrimination

Introduction

Catchment mass balance estimates (Likens et al. 1996;

Thimonier et al. 2000; Watmough et al. 2005a) and

soil resurveys (Tamm and Hallbacken 1986; Lawrence

et al. 1997; Lapenis et al. 2004) in eastern North

America and parts of Europe indicate that there have

been large losses of exchangeable soil calcium (Ca) in

recent decades. Losses of Ca have been attributed

primarily to a combination of increased Ca leaching

brought about by elevated acid deposition (Likens

et al. 1998) and uptake and removal of Ca in biomass

during harvesting (Federer et al. 1989; Johnson et al.

1992). The loss of Ca from soil can have numerous

adverse impacts on forest ecosystems including

reduced growth due to Ca limitation or aluminum
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(Al) or manganese (Mn) toxicity (Horsley et al. 2000;

Schaberg et al. 2001), decreased tree resistance to cold

or insects (Hawley et al. 2006) and broader ecological

impacts such as reduced mollusc populations or

decreased avian success (Hamburg et al. 2003;

Skeldon et al. 2007).

Given the importance of Ca to forest ecosystems

there is a need to better understand the biogeochemical

cycling of Ca in forest ecosystems. To this end, Ca:Sr

and to a lesser extent Ca:Ba ratios and Sr stable isotope

ratios have been used to distinguish the various

sources of Ca using mixing models (Dasch et al.

2006; Drouet and Herbauts 2008). These calculations

assume that Ca, Sr and/or Ba have similar geochem-

ical behaviour. In some ecosystem processes, such as

ion exchange on clays, Ca and Sr behave almost

identically (Appelo and Postma 1993), whereas Ca

may be retained preferentially over Sr on soil organic

matter (Baes and Bloom 1988). Until recently, most

studies have assumed that the Ca:Sr ratio did not

change appreciably upon plant uptake (Runia 1987;

Blum et al. 2002), but recent studies have challenged

this notion by showing that Ca:Sr isotopes may vary

substantially across various tree tissues (Poszwa et al.

2000; Watmough and Dillon 2003; Bullen and Bailey

2005; Drouet and Herbauts 2008). If Ca:Sr discrim-

ination occurs in plants, then mixing models that

determine end member contributions from Ca:Sr

ratios and 87Sr:86Sr ratios are inaccurate because the

assumption of Ca and Sr mass balance does not hold.

In an attempt to circumvent the impact of uptake on

Ca:Sr or Ca:Ba ratios in tree tissues, discrimination

factors (alteration of elemental ratios of Ca, Sr and Ba

between tree tissues of the same species or between

soil and tree tissues of various species) have been

estimated for a number of tree species (Dasch et al.

2006; Blum et al. 2008, 2012). Drouet and Herbauts

(2008) evaluated the discrimination of Ca compared to

Sr in beech (Fagus sylvatica L.) and oak (Quercus

robur L.) stands in Europe and found that Ca:Sr

discrimination between exchange sites on soil organic

matter and bole wood was relatively small and that

most discrimination occurred between the bole and

foliage. Dasch et al. (2006) reported that various plant

species accumulate Ca and Sr in foliage at a constant

proportion relative to their nutrient source and estab-

lished discrimination factors for Ca:Sr (foliage rela-

tive to source) of 1.14, 1.16 and 1.9 for sugar maple

(Acer saccharum Marshall), yellow birch (Betula

alleghaniensis Britt.) and American beech (Fagus

grandifolia Ehrh.), respectively. Blum et al. (2012)

confirmed these discrimination factors and calculated

discrimination factors for additional tree species

including white birch (Betula papyrifera Marshall),

pin cherry (Prunus pensylvanica L.) and red maple

(Acer rubrum L.). Accounting for the reported

discrimination factor in sugar maple, Blum et al.

(2008) found that across six sites with large difference

in foliar Ca:Sr ratios in sugar maple, foliar Ca:Sr ratios

(and 87Sr:86Sr) were very similar to the organic (Oie)

horizon reportedly confirming that internal recycling

of Ca between litter and soil organic horizons and

vegetation dominate annual uptake in northern hard-

wood ecosystems.

Foliage, however, typically represents less than

5 % of the above ground forest biomass. If elemental

ratios in foliage differ markedly from other tree tissues

this may alter the interpretation of Ca:Sr discrimina-

tion between soil and plants that is based only on foliar

or leaf litter tissue. The objective of this study was to

calculate fluxes of Ca, Sr and Ba in water as it passes

through a forest ecosystem along with molar ratios

(Ca:Sr, Ca:Ba and Sr:Ba) in water and tree tissues to

test the hypotheses that foliar and soil chemistry alone

cannot be used to identify the source of Ca, Sr and Ba

in trees and that trees are accessing Ca, Sr and Ba from

both the upper organic soil horizons and mineral soil.

Materials and methods

Site description

The Plastic Lake catchment is located in Haliburton

County, Ontario (45�110N, 78�500W), about 20 km

south of Dorset, Ontario (Fig. 1). The mean annual

temperature for the Dorset area is 4.8 �C and the mean

annual precipitation is 1,100 mm (Environment Can-

ada 2002 30-year average 1971–2000). Approxi-

mately 80 % of the upland area in the Plastic 1

(PC1) sub-catchment drains through a Sphagnum-

conifer swamp (Fig. 1) before discharging to the 32 ha

headwater lake. The soils in the catchment are weakly

developed podzols that occur on the well drained

upland slopes, while histosols (organic soils) and

gleysols occur in the wetlands, depressions and stream

channels (Lozano 1987; Soil Classification Working

Group 1998; WRB 2007). The average soil depth is
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only 0.5 m and bedrock outcrops consisting of gran-

itized biotite, hornblende, and gneiss cover approxi-

mately 10 % of the area (Dillon and Lazerte 1992).

The vegetation is a mixed forest comprised mainly of

white pine (Pinus strobus L.), eastern hemlock (Tsuga

canadensis L.) and red maple on the upland slopes.

Other upland tree species include red oak (Quercus

rubra L.), white birch, poplar (Populus tremuloides

Michx.), American beech, balsam fir (Abies balsamea

L. (Mill)). White cedar (Thuja occidentalis L.) and

black spruce (Picea mariana Mill.) are present in the

stream valleys and lower areas, and the dominant tree

species in the wetland is white cedar. Mass balance

studies at this site have indicated that large losses of

Ca have occurred since 1980, but that current losses

approximate inputs of Ca in deposition and mineral

weathering, such that the catchment is approaching

steady state (Watmough and Dillon 2004).

Monitoring and sample collection

Bulk deposition was collected in a small clearing

located adjacent to the PC1 sub-catchment using an

open container fitted with a Teflon-lined funnel

(diameter 25 cm) covered with 80 lm Nitex mesh to

prevent contamination from debris between Septem-

ber 1, 2002 and August 30, 2003. Samples were

collected for chemical analysis every 1–2 weeks.

Stream discharge was measured continuously in the

two streams (PC1-08 and PC1) using weirs and stilling

wells with float devices connected to chart recorders.

Discharge was calculated based on established stage-

discharge relationships for each of the weirs (Scheider

et al. 1983). Samples were collected from the stream

outflow sampling locations in acid-washed Teflon

bottles using clean techniques every 1–2 weeks,

except when there was no flow.

Canopy throughfall was collected from spring

through autumn every 2–4 weeks using 20 collectors

situated in the upland forest of PC1-08. The collectors

consisted of 8-cm diameter funnels with 80-lm mesh

fitted to pails lined with plastic sample bags tested to

ensure no metal contamination occurred. Winter

throughfall samples were collected approximately

monthly using open buckets. Litterfall was collected

using 20 traps (0.5 m 9 0.5 m) located adjacent to the

throughfall collectors. The traps remained in place all

year and the litter was collected 4 times (September,

November, March, June) annually. Litter traps were

well drained and there was no evidence of

Fig. 1 Location of the Plastic Lake catchment in central Ontario
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decomposition in the collected litter. Soil water was

collected from five zero-tension lysimeter nests in the

upland slopes of the PC1-08 subcatchment, which

were installed in the mid 1980s. The lysimeters

consisted of wooden frames draining through poly-

ethylene tubing to plastic containers lined with plastic

sample bags, which again were tested to ensure no

metal contamination occurred. Soil water was col-

lected from the organic (LFH), Ae and B horizons

where those horizons existed. Soil water samples were

collected every 2–4 weeks when sufficient soil water

flow occurred.

Samples of roots, bark, wood, stems and leaves

were collected from the eight dominant tree species

present in the Plastic Lake catchment. Biomass

estimates were obtained from the destructive sampling

of trees growing outside the catchment in 1983

(methods are fully described in Watmough and Dillon

2004).

Chemical analysis

All water samples (bulk precipitation, throughfall, soil

water, stream water and lake water) were passed

through a coarse filter (80 lm) to remove large

particulate matter. Throughfall samples were bulked

into 4 replicate samples per collection period. More

than 80 % of samples were sub-sampled and passed

through a 0.45 lm filter in order to determine the

proportion of ‘‘dissolved’’ Ca, Sr and Ba. Concentra-

tions of the fine 0.45 lm filtered samples were

approximately equal to the coarse filtered samples,

indicating metals were almost entirely in the ‘‘dis-

solved’’ form (the \0.45 lm size fraction includes

both dissolved as well as colloidal forms). Samples

were acidified to \pH 2 with ultra pure HNO3

(Optima, Fisher Scientific) prior to analysis. Vegeta-

tion (washed in deionized water), soil and sediment

samples were oven dried (65 �C) for at least 72 h and

ground using a Wiley Mill. Vegetation samples were

cold digested with HNO3 overnight and digested under

reflux at 100 �C for 8 h. Sediment samples were

digested in 50 % HNO3 under reflux at 100 �C for 8 h.

All digests were diluted and filtered through a

Whatman 42 filter paper before analysis. Samples

were analysed using an Element II Thermo-Finnigan

high resolution single collector Inductively Coupled

Plasma Mass Spectrometer (ICP-MS). An internal

standard (5 ppb Rh) was used to correct for instrument

drift. Recoveries were determined using the standard

reference material Trace Metals in Natural Water

(NIST-1640), and each of the reported certified metals

typically had a recovery within ±15 %.

Calcium, Sr and Ba forest pool size and mass

balance calculations

Pools of Ca, Sr and Ba in the forest and elemental

ratios in various tissues were calculated using chem-

ical concentrations in the respective vegetation tissue

of each species multiplied by biomass estimates for

that tissue and values were then summed for each

species (Watmough and Dillon 2004). Calcium, Sr and

Ba fluxes in the streams were calculated using the

continuous hydrology record and the periodic con-

centration measurements, whereby the measured con-

centrations are substituted into the period between

sampling events (Dillon et al. 1982). Bulk deposition

and throughfall fluxes were estimated by summing the

input of Ca, Sr and Ba for each collection period

between September 1, 2002 and August 30, 2003.

Since the sample volumes obtained from the lysime-

ters are not quantitative, Ca, Sr and Ba fluxes in the

soil water were calculated using discharge from the

upland PC1-08 stream. This will underestimate fluxes

in the upper soil horizons as water is lost through

evapotranspiration from soil below the organic and A

horizons and hence mass balances for the forest floor

will be conservative. Differences in Ca, Sr and Ba

concentrations and Ca:Sr, Ca:Ba and Ba:Sr ratios

among species for each tree tissue (foliage, branch,

wood, bark, root) and among various litterfall com-

ponents (foliage, branch, seeds) were assessed using a

non-parametric one way analysis of variance test,

Kruskal–Wallis. The post hoc test, Dunn’s Method,

was used for multiple comparisons between species

for each tree tissue.

Results

Tree chemistry

Concentrations of Ca, Sr and Ba varied tremendously

both among and within tree species (Table 1). Cal-

cium concentrations tended to be highest in the bark

and lowest in wood (Table 1). For example, the

highest Ca concentration was measured in the bark of
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Table 1 Mean (standard deviation) leaf, branch, stemwood, bark and root Ca, Ba, and Sr concentrations and molar ratios (standard

deviations) for Ca:Sr, Ca:Ba, and Sr:Ba in the 8 dominant upland tree species at Plastic Lake, ON

n Average concentration (SD) Molar ratios (SD)

Ca Ba Sr Ca:Sr Ca:Ba Sr:Ba

mg kg-1 mg kg-1 mg kg-1

Foliage

Balsam Fir 8 7,121 (2,395)b 85 (51)b 21 (8)bc 802 (192)abc 354 (140)a 0.4 (0.1)ac

Black Spruce 5 5,901 (1,465)ab 77 (50)bc 26 (15)bc 569 (189)ac 311 (100)a 0.6 (0.2)abc

Hemlock 8 8,479 (2,115)b 19 (16)ac 9 (6)a 2,655 (1,367)bc 2,787 (2,392)bc 0.9 (0.4)abc

Poplar 5 8,036 (1,427)b 73 (20)bc 51 (15)b 359 (64)a 387 (67)ac 1.1 (0.2)bc

Red Maple 8 7,548 (2,375)b 42 (21)abc 32 (18)bc 641 (273)ac 712 (314)abc 1.2 (0.4)b

Red Oak 8 4,690 (757)ab 40 (20)abc 7 (3)ac 1,626 (661)bc 503 (231)abc 0.3 (0.2)a

White Birch 5 8,056 (1,004)b 147 (75)b 58 (21)b 336 (108)a 225 (103)a 0.7 (0.2)abc

White Pine 8 3,593 (821)a 4 (3)a 3 (2)a 3,175 (1,858)b 4,560 (3,780)b 1.4 (0.6)b

p \ 0.001 p \ 0.001 p \ 0.001 p \ 0.001 p \ 0.001 p \ 0.001

Branches

Balsam Fir 5 4,033 (545) 102 (21)bc 23 (4)ab 402 (93)bc 137 (10)ac 0.4 (0.1)a

Black Spruce 5 3,342 (674) 102 (31)bc 23 (3)ab 330 (90)bc 117 (26)a 0.4 (0.1)a

Hemlock 8 5,162 (1,434) 26 (13)a 15 (3)a 756 (201)b 787 (360)bc 1.0 (0.3)ab

Poplar 5 8,163 (3,908) 129 (23)b 86 (43)b 212 (17)ac 208 (83)abc 1.0 (0.4)ab

Red Maple 5 6,362 (1,826) 112 (27)bc 64 (15)a 220 (31)ac 195 (39)abc 0.9 (0.1)ab

Red Oak 5 5,092 (1,678) 42 (23)abc 14 (3)a 800 (86)b 453 (102)abc 0.6 (0.2)a

White Birch 5 4,254 (1,318) 166 (114)b 44 (21)ab 236 (61)a 107 (45)a 0.5 (0.2)a

White Pine 8 4,969 (1,289) 13 (5)a 14 (5)a 880 (432)b 1,466 (575)b 1.7 (0.4)b

p = 0.029 p \ 0.001 p \ 0.001 p \ 0.001 p \ 0.001 p \ 0.001

Wood

Balsam Fir 5 1,114 (282)b 85 (27)b 14 (3)bc 188 (69)abc 50 (24)ac 0.3 (0.1)a

Black Spruce 5 807 (109)bc 79 (10)b 14 (4)bc 131 (27)abc 35 (6)a 0.3 (0.1)a

Hemlock 10 807 (109)b 14 (7)a 7 (2)a 284 (76)b 231 (111)b 0.8 (0.2)bc

Poplar 5 780 (186)abc 73 (8)b 19 (3)b 91 (18)a 36 (7)a 0.4 (0.1)abc

Red Maple 8 1,401 (911)b 58 (21)bc 25 (11)b 115 (26)ac 77 (29)abc 0.7 (0.1)abc

Red Oak 10 378 (196)ac 24 (6)abc 6 (1)ac 133 (67)ac 52 (17)ac 0.4 (0.2)ac

White Birch 5 546 (63)abc 57 (6)bc 12 (2)bc 99 (17)ac 33 (3)a 0.3 (0.0)ac

White Pine 10 253 (52)a 5 (3)a 3 (2)a 231 (142)bc 307 (326)bc 1.1 (0.5)b

p \ 0.001 p \ 0.001 p \ 0.001 p \ 0.001 p \ 0.001 p \ 0.001

Bark

Balsam Fir 5 9,134 (1,914)ab 234 (62)b 42 (14)abc 500 (108)ac 136 (20)a 0.3 (0.0)ac

Black Spruce 5 8,507 (1,049)ab 287 (91)b 40 (11)bc 502 (154)ac 110 (37)a 0.2 (0.0)a

Hemlock 10 3,046 (1,153)a 37 (15)ac 8 (2)ac 831 (233)bd 318 (143)ab 0.4 (0.1)ac

Poplar 5 8,703 (4,231)ab 96 (23)abc 55 (20)bc 345 (91)a 307 (119)b 0.9 (0.2)b

Red Maple 10 13,098 (4,271)b 202 (53)b 91 (43)b 330 (58)a 221 (39)ab 0.7 (0.2)bc

Red Oak 9 22,377 (7,872)b 142 (40)bc 77 (20)b 629 (186)cd 602 (342)b 0.9 (0.5)b

White Birch 5 1,252 (785)a 57 (19)abc 8 (5)ac 326 (50)a 73 (28)a 0.2 (0.1)a

White Pine 10 1,736 (542)a 12 (5)a 4 (1)a 918 (130)b 529 (147)b 0.6 (0.1)abc

p \ 0.001 p \ 0.001 p \ 0.001 p \ 0.001 p \ 0.001 p \ 0.001

Roots

Balsam Fir 5 9,415 (4,110) 235 (83)bc 43 (19) 511 (237) 133 (24) 0.3 (0.1)
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red oak ([22,000 mg kg-1) and the lowest concen-

tration was measured in the wood of white pine

(250 mg kg-1) (Table 1). Differences among tree

tissues in Sr and Ba were less pronounced than for

Ca, but within tissues differences among tree species

in Sr and Ba were much greater than for Ca (Table 1).

For example, Ca concentrations in foliage were

between 3,500 and 8,500 mg kg-1, whereas Sr con-

centrations were between 3 and 58 mg kg-1, and Ba

concentrations were between 4 and 147 mg kg-1

(Table 1). Consequently molar ratios of Ca:Sr, Ca:Ba

and Sr:Ba also varied greatly and variation among

species tended to be greater than variation within tree

species (Table 1). Molar ratios of Ca:Sr for example,

were generally highest in foliage and lowest in wood

and were as high as 3,175 in white pine foliage and as

low as 91 in the wood of poplar (Table 1). A similar

amount of variability was observed in the Ca:Ba ratio,

which was as high as 4,560 in the foliage of white

pine and as low as 33 in the wood of white birch

(Table 1). Molar ratios of Sr:Ba were much less

variable within and among tree species; having a

maximum value of 1.7 in white pine branches and a

minimum value of 0.2 in the bark of black spruce and

white birch (Table 1).

Throughfall, soil water and stream water chemistry

Annual average measured concentrations of Ca, Sr and

Ba were lowest in bulk precipitation and increased by

approximately 2.5 (Sr and Ba) to 4 times (Ca) in

throughfall (Table 2). As a result Ca:Sr and Ca:Ba

ratios increased by approximately 50 % in throughfall

relative to bulk deposition, whereas there was little

change in the Sr:Ba ratio (Table 2). The concentration

of Ca in water draining the organic horizon (LFH) was

about 4 times higher than throughfall, whereas con-

centrations of Sr and Ba increased about ten and

sixfold, respectively leading to a large decrease in the

Ca:Sr and Ca:Ba ratio and a smaller decrease in the

Sr:Ba ratio. Concentrations of Ca in mineral soil water

(A and B horizons) were approximately half the

concentration draining the forest floor, whereas there

was little change in Sr and Ba concentrations such that

Ca:Sr and Ca:Ba ratios in mineral soil water decreased

by about 50 % compared with water draining the

forest floor. Measured Ca concentrations in the stream

draining the upland catchment (PC1-08) were slightly

lower than the B horizon, while Sr and Ba concentra-

tions were comparable, resulting in a further decrease

Table 1 continued

n Average concentration (SD) Molar ratios (SD)

Ca Ba Sr Ca:Sr Ca:Ba Sr:Ba

mg kg-1 mg kg-1 mg kg-1

Black Spruce 5 14,897 (9,209) 374 (182)b 92 (57) 369 (151) 140 (73) 0.4 (0.1)

Hemlock 8 3,675 (1,148) 28 (15)a 11 (4) 814 (312) 536 (302) 0.6 (0.2)

Poplar 5 6,373 (2,865) 216 (183)bc 49 (40) 395 (255) 137 (84) 0.4 (0.1)

Red Maple 8 4,227 (2,948) 89 (34)abc 33 (23) 313 (113) 160 (76) 0.5 (0.3)

Red Oak 8 4,707 (3,182) 98 (56)abc 31 (24) 349 (96) 194 (109) 0.5 (0.2)

White Birch 5 5,017 (2,013) 124 (69)abc 38 (23) 330 (81) 162 (57) 0.5 (0.2)

White Pine 8 3,123 (1,661) 77 (41)ac 20 (14) 396 (148) 156 (66) 0.4 (0.2)

p = 0.013 p \ 0.001 p = 0.001 p = 0.013 p = 0.004 p = 0.098

Table 2 Mean (standard deviation) Ca, Ba, and Sr concen-

trations for the year September 2002 to August 2003

n Ca Ba Sr

mg L-1 lg L-1 lg L-1

Deposition 35–37 0.3 (0.2) 1.4 (0.7) 0.9 (0.6)

Throughfall 110 1.1 (0.6) 3.0 (1.4) 2.4 (1.2)

Soil Water

LFH 9–18 4.2 (2.3) 35.4 (12.7) 14.7 (4.9)

A horizon 9–15 2.7 (1.0) 44.6 (15.6) 15.1 (5.9)

B horizon 9–14 2.2 (1.4) 38.8 (10.3) 11.5 (3.5)

Stream Water

PC1-08 12–20 1.4 (0.1) 34.2 (7.1) 12.5 (2.2)

PC1-03 8–17 2.6 (2.1) 41.2 (29.6) 19.2 (15.1)

PC1 23–29 3.4 (2.1) 49.9 (30.7) 27.2 (19.2)
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in the Ca:Sr and Ca:Ba ratios, but no change in the

Sr:Ba ratio (Table 2). Concentrations of Ca, Sr and Ba

in water draining the wetland (PC1-03 and PC1) were

the most variable, but the mean values were higher

than PC1-08 (Table 2).

Litterfall

Litterfall represents the largest annual flux of Ca, Sr

and Ba to the forest floor (Fig. 2). Calcium concentra-

tions were lower in tree reproductive parts (seeds,

flowers) compared with foliage and branches, although

the bulk of the litterfall is comprised of foliar tissue

(Table 3). Differences in Sr and Ba concentration

among litterfall tissues was minimal and ratios of Ca:Sr

and Ca:Ba and were lower in reproductive parts

compared with foliage or branches, but there was no

difference in Sr:Ba ratios (Table 3).

Calcium, Sr and Ba pools, fluxes and budgets

The annual Ca input in throughfall was approximately

3 times higher than bulk deposition and represented

about one quarter of the total Ca input to the forest floor

(Fig. 2). Calcium inputs in litterfall were estimated to

be 2,172 mg m-2 year-1 (Fig. 2). A conservative

estimate for the Ca flux from the forest floor was

1,427 mg m-2 year-1. The Ca flux decreased down

the soil profile and was estimated to be

566 mg m-2 year-1 in water draining the rooting

zone (B horizon). The Ca flux in water draining the

upland catchment (PC1-08) was similar to the B

B Horizon: 566

A Horizon: 994

B Horizon: 12.0 B Horizon: 3.5

A Horizon: 15.4 A Horizon: 5.3

Forest Floor: 1427

Throughfall: 653

Litterfall: 2172
Bark: 12261

Roots: 17557

Deposition: 231

Crown: 14448

Stemwood: 5912

Ca Ba Sr

Roots: 379 Roots: 109

Crown: 70.1Crown: 126

Stemwood: 89.9Stemwood: 248

Bark: 126 Bark: 54.8

Forest Floor: 10.3 Forest Floor: 4.6

Litterfall: 11.5 Litterfall: 6.5

Throughfall: 1.9 Throughfall: 1.5

Deposition: 1.1 Deposition: 0.8

Pools (mg/m2)Fluxes (mg/m2/year) Pools (mg/m2) Pools (mg/m2)Fluxes (mg/m2/year) Fluxes (mg/m2/year)

Forest Total: 324Forest Total: 880Forest Total: 50178

PC1-08: 502
PC1-03: 1002
PC1: 914

PC1-08: 11.9
PC1-03: 16.4
PC1: 14.4

PC1-08: 4.5
PC1-03: 8.0
PC1: 7.4

B Horizon: 324 (157)

A Horizon: 387 (88.2)

B Horizon: 152 (92.5) B Horizon: 0.5 (0.1)

A Horizon: 200 (52.2) A Horizon: 0.5 (0.1)

Forest Floor: 569 (165)

Throughfall: 1016 (687) 

Litterfall: 838 (520)

Stemwood: 145

Bark: 493

Roots: 353

Deposition: 826 (513)

Ca:Sr (mol) Ca:Ba (mol) Sr:Ba (mol)

Roots: 159 Roots: 0.5

Total: 0.6Total: 195

Stemwood: 81.7 Stemwood: 0.6

Bark: 332 Bark: 0.7

Forest Floor: 392 (176) Forest Floor: 0.7 (0.2)

Litterfall: 751 (486) Litterfall: 1.0 (0.3)

Throughfall: 1260 (1020) Throughfall: 1.2 (0.3)

Deposition: 806 (365) Deposition: 1.1 (0.5)Total: 341

Crown: 0.9Crown: 392Crown: 453

Fig. 2 Estimated Ca, Ba and Sr annual fluxes (mg m-2) and pools along with Ca:Sr, Ca:Ba and Sr:Ba ratios in vegetation and water at

the Plastic Lake catchment

Biogeochemistry (2014) 118:357–369 363

123



horizon, but approximately 2 times higher in PC1-03

and PC-1, due to a large increase in Ca concentration

that occurred following summer drought (Fig. 3).

Assuming no net forest growth, no Ca accumulation

in the forest floor and the enrichment in throughfall Ca

is due solely to leaching and not dry deposition, it is

Table 3 Annual (September 2002 to August 2003) litterfall flux and average Ca, Ba, and Sr concentrations (standard deviations) and

molar ratios (standard deviations), for Ca:Sr, Ca:Ba, and Sr:Ba

Fluxes (mg m-2 year-1) Average concentration (mg kg-1) (SD) Molar ratios (SD)

Mass Ca Ba Sr Ca Ba Sr Ca:Sr Ca:Ba Sr:Ba

Leaves 227,924 1,790 9.2 5.3 6,604 (2,450) 38.0 (18.6) 22.9 (15.5) 916 (467) 853 (398) 1.0 (0.2)

Seed/Flower 19,896 72.6 0.7 0.3 3,733 (1,322) 35.3 (27.1) 15.7 (6.9) 695 (212) 550 (71.7) 0.9 (0.1)

Bark 35,748 309 1.7 0.9 8,479 (2,032) 49.3 (12.3) 26.3 (2.1) 878 (179) 787 (135) 0.9 (0.2)

Total 283,568 2,171.6 11.5 6.5 p \ 0.001 p = 0.01 p = 0.036 p \ 0.001 p \ 0.001 p = 0.099

Fig. 3 Monthly volume

weighted concentrations of

Ca, Sr, Ba and SO4 at two

sample points a PC1-03 and

b PC1 draining the wetland

at the Plastic Lake

catchment
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estimated that of the trees annual Ca demand (exclud-

ing fine root turnover: litterfall ? foliar leach-

ing = 2,594 mg m-2 year-1), 1,398 mg m-2 year-1

(or 54 %) could be supplied from the forest floor, with

the remainder being supplied from the mineral soil.

Calcium weathering rates at PC1 have been estimated

to be around 200–270 mg m-2 year-1 (Watmough

and Dillon 2003), which when combined with bulk

deposition (231 mg m-2 year-1) approximate losses

from the rooting zone or the upland-draining stream.

Similar patterns to Ca are evident in the Sr and Ba

flux and budget estimates (Fig. 2). It is estimated that of

the forests annual uptake (litterfall ? leaching =

12.3 mg m-2 year-1 (Ba) and 7.2 mg m-2 year-1

(Sr)), only 3.1 mg m-2 year-1 (25 %) and 3.4 mg m-2

year-1 (47 %), respectively could be supplied by the

forest floor. Assuming no net loss of Sr and Ba from the

upland catchment, Sr and Ba weathering rates would

have to be approximately 2.7 mg m-2 year-1 and

10.9 mg m-2year-1, respectively.

The mass weighted Ca:Sr ratio in litterfall was

approximately 830, which is 1.5 times higher than the

Ca:Sr ratio in water draining the forest floor (Fig. 2).

The mass-weighted Ca:Sr ratio for the forest was 341,

which is much lower than litterfall due to lower Ca:Sr

ratios in branches, bark, roots and particularly stem-

wood compared with litter and falls between the Ca:Sr

ratios in organic (LFH) (569) and B horizon (324)

water (Fig. 2). A very similar pattern was observed for

Ca:Ba ratios; the Ca:Ba ratio of litterfall was approx-

imately 2 times higher than water draining the LFH

horizon and the mass weighted ratio for the forest trees

(195) was between that of the LFH (392) and B

horizon (152). Molar ratios of Sr:Ba were much less

variable, although Sr:Ba ratios in litterfall were 1.4

times higher than the LFH, and the mass weighted

Sr:Ba ratio (0.6) similarly fell between the Sr:Ba ratio

in the LFH layer (0.7) and the B horizon (0.5) (Fig. 2).

Discussion

Several previous studies have shown that elemental

ratios of Ca, Sr and Ba vary within tree tissues of

individual species and among species (Poszwa et al.

2000; Watmough and Dillon 2003; Bullen and Bailey

2005; Drouet and Herbauts 2008). The reasons for this

discrimination are largely unknown. Drouet and

Herbauts (2008) and Gierth et al. (1998) argue that

discrimination occurs in the passage of Ca and Sr

through the endodermis that separates conducting

vessels from the leaf mesophyll. It has also been

suggested that discrimination between Ca and Sr may

occur by ion exchange processes during ascent in the

xylem (Clarkson 1984), although Momoshima and

Bondietti (1990) reported that the Ca:Sr ratio was

constant at different trunk heights of Picea rubens

(Sarg.). Gulpin et al. (1995) suggested that discrim-

ination may occur due to preferential binding in Ca-

oxalate precipitated in bark or other tissues.

Despite obvious differences in chemistry within

and among tree species, previous studies have shown

that discrimination among Ca, Sr and Ba in tree tissues

appears to be constant within a species (Dasch et al.

2006; Drouet and Herbauts 2008; Blum et al. 2008,

2012). For example, Drouet and Herbauts (2008)

reported that discrimination factors from bole wood to

leaves for Sr:Ca, Ba:Ca and Sr:Ba in European beech

in Belgian forests were 2.99 ± 0.6, 4.64 ± 1.76 and

0.70 0.22, respectively. Similar results were reported

between other tissues in beech as well as for Quercus

robur (Drouet and Herbauts 2008). Drouet and

Herbauts (2008) further argued that discrimination

factors from wood to leaves were relatively constant

over a large range in soil Ca levels and that elemental

ratios in foliage may be corrected with a constant

factor (Sr:Ca: 2.99 for beech and 6.54 for oak) to

account for differences in ratios between foliage and

soil water. Discrimination factors for Ca:Sr between

foliage and the forest floor have been established for a

number of eastern North American tree species and

range between 1.16 (sugar maple) and 1.90 (red

maple) (Dasch et al. 2006; Blum et al. 2008, 2012) and

have been used to suggest that mineral soil is not a

major source of Ca to foliage because Ca:Sr ratios

decrease with soil depth and are even more distinct

from foliar values (Blum et al. 2008).

In the present study, the Ca:Sr ratio in water

draining the forest floor is 569 ± 165 compared with

838 ± 520 in litterfall, which can be used to approx-

imate foliar ratios as Ca:Sr ratios differ little between

foliage and litter (Fig. 2; Blum et al. 2008). The Ca:Sr

ratios in mineral soil (A and B horizons) water are

even lower than the forest floor and simply interpret-

ing Ca:Sr ratios in soil water and foliage would

suggest that the forest floor is the major source of Ca to

the canopy with an overall discrimination factor of

around 1.5, which is within the range of six eastern
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North American species reported by Blum et al.

(2012). Similarly, if we re-evaluate data for 11 sugar

maple stands in central Ontario (Watmough et al.

2005b) that vary widely in pH (4.2–7.7) and Ca:Sr

ratios in A horizon soil (organic (LFH) horizon not

always present), there is a linear relationship between

foliar Ca:Sr ratios and water-extractable Ca:Sr ratios

in A horizon soil, with a discrimination factor of 1.51

(Fig. 4). This discrimination factor for sugar maple is

higher than the value (1.16) reported by Blum et al.

(2008), which is likely because soil water in the A

horizon rather than the organic horizon was used and

mineral soil horizons have lower Ca:Sr ratios than

organic horizons (e.g. this study; Blum et al. 2008).

Similar results were observed for Ca:Ba ratio with an

apparent discrimination factor of 1.56, between sugar

maple foliage and A horizon soil (Fig. 4) compared

with approximately 1.9 between foliage and the

organic horizon at Plastic Lake. Drouet and Herbauts

(2008) reported that discrimination factors between

wood and foliage for oak and beech were around

3.0–3.7, but also suggested that Ba and Ca had

contrasting behaviour (unlike Sr and Ca), which does

not appear to be the case at Plastic Lake.

Mass balance estimates for Plastic Lake however,

indicate that the mineral soil is an important source

of Ca in litter (and trees). Mass balances were

constructed by assuming annual inputs to the forest

floor were litterfall (2,172 mg m-2 year-1) and

throughfall (653 mg m-2 year-1) and leaching losses

(1,427 mg m-2 year-1) were calculated based on con-

centrations of Ca in LFH leachate multiplied by runoff

recorded at PC1-08. This approach assumes that all

evapotranspiration occurs from the forest floor, which is

not the case and hence this mass balance is conservative

as leaching losses from the forest floor will be higher

than assumed in this study. The results of this mass

balance indicate that annually, the forest floor gains at

most 1,398 mg m-2 year-1 of Ca. The annual Ca

demand of the forest (fine root turnover was excluded)

was estimated as litterfall ? (throughfall - bulk depo-

sition) and was 2,594 mg m-2 year-1. This approach

will slightly overestimate the annual forest demand as it

is assumed that all the Ca in throughfall is from foliar

leaching and additional dry deposition is excluded.

Previous work at Plastic Lake however has indicated

that based on Na-enrichment in throughfall, dry depo-

sition would increase bulk deposition by just 13 %

(Neary and Gizyn 1994). Results of this mass balance,

which assumes no accumulation in the forest floor or

biomass suggest that at least 1,196 mg m-2 year-1 (or

46 %) of the foliar Ca must be obtained from mineral

soil. This estimate is similar to the estimate reported by

Miller et al. (1993) for a spruce-fir forest in the north

eastern United States based on Sr-isotope data. Calcu-

lations for Sr and Ba, indicate that at best, the forest

floor can supply 36 % and 16 %, respectively of the

forests annual uptake.

In order to explain the apparent discrepancy

between mass budgets and elemental ratios in soil

and plant tissue, it is necessary to take into account

other tree tissues. For example, Ca:Sr ratios are much

higher in litter (foliage) compared with branches, bark,

roots and wood. Taking into account the biomass of

the various tree tissues, the forest at PC1 has a mass

weighted Ca:Sr ratio of 341, which falls between the
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Fig. 4 Relationship between foliar Ca:Sr ratios in sugar maple and Ca:Sr ratios in water extracts from A horizons at 11 stands in central

Ontario (see Watmough et al. 2005b). Dashed line shows the 1:1 ratio
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values observed in the forest floor (569 ? 165) and B

horizon (324 ? 157). In this study it is assumed that

ratios in soil water reflect the source of elements to

trees as no exchangeable concentrations were avail-

able. While there may be slight differences in selec-

tivity between the soil exchange complex and soil

water for Ba relative to Ca and Sr (Drouet and

Herbauts 2008), other studies have shown that

elemental ratios of Ca, Sr and Ba in soil water and

the soil exchange complex are generally comparable

(Blum et al. 2002; Drouet and Herbauts 2008). The

variability in Ca:Sr ratios, particularly in soil water

precludes a reliable estimate of the relative contribu-

tion from various soil horizons, but results are

consistent with mineral soil providing a substantial

amount of the forests’ annual Ca, Sr and Ba uptake.

While there is currently no net increase in forest

biomass (Watmough and Dillon 2004), individual

trees at Plastic Lake are growing (increase in biomass

is offset by tree death) and Ca, Sr and Ba are being

deposited in all plant tissues and hence foliar (or litter)

Ca:Sr ratios will not reflect the relative annual uptake

of these elements. Similar results are obtained for both

Ca:Ba and Sr:Ba ratios as mass-weighted values

calculated for the forest biomass (195 (Ca:Ba) and

0.6 (Sr:Ba)) fall between values observed in water

draining the forest floor (392 ± 176 (Ca:Ba) and

0.7 ± 0.2 (Sr:Ba)) and water in the B horizon

(152 ± 93 (Ca:Ba) and 0.5 ± 0.1 (Sr:Ba)).

Rather than interpreting similarities in Ca:Sr (and

Ba) ratios in foliar (or litterfall) and upper organic

horizons to indicate that upper organic horizons are the

major sources of Ca to trees (Blum et al. 2008), the

similarity in ratios may occur because the Ca:Sr ratio in

the upper organic horizons is determined primarily by

Ca:Sr ratio in litterfall and throughfall. Moreover, both

Poszwa et al. (2000) and Drouet and Herbauts (2008)

reported that molar ratios of Ca:Sr and Ca:Ba in roots

were similar to soil horizons in which they are located.

In the present study, roots were sampled from the upper

mineral soil (A horizon) and elemental ratios of Ca:Sr,

Ca:Ba and Sr:Ba are close to values observed in this

horizon. Roots were thoroughly cleaned so soil con-

tamination is unlikely, but cannot be totally discounted.

If the mass balance is extended to the mineral soil

and it is assumed that inputs to mineral soil are solely

from leachate from the organic horizon (1,427

mg m-2 year-1) and Ca weathering, which is esti-

mated between 200 and 270 mg m-2 year-1

(Watmough and Dillon 2004) and losses represent

the flux in the B horizon (566 mg m-2 year-1), the

results indicate that the gain in soil Ca is between

1,061 and 1,131 mg m-2 year-1. As soils at Plastic

Lake have lost Ca over the past few decades (Watm-

ough and Dillon 2004), rather than Ca accumulating in

soil, it is more likely that these values approximate the

amount of Ca supplied by mineral soil to trees

supporting the contention that mineral soils are an

important source of Ca to trees at Plastic Lake. Finally,

assuming that the Plastic Lake catchment is approach-

ing steady state (Watmough and Dillon 2004), this

approach suggests that weathering estimates for Sr and

Ba are 2.7 and 10.9 mg m-2 year-1, respectively.

Blum et al. (2002) reported that the Ca:Sr ratios in

digests that dissolve primarily Ca silicate minerals

(e.g. hornblende, plagioclase) are between 170 and

279. The mass balance constructed here suggests a

weathering Ca:Sr ratio at Plastic Lake between 162

and 219, consistent with the observation that plagio-

clase and hornblende are the primary weathering

sources of Ca (Watmough and Dillon 2004; Watm-

ough and Aherne 2008).

Conclusions

Similar to previous studies, elemental ratios of Ca, Sr

and Ba vary tremendously, both within and among tree

species and ratios in litterfall are much closer to values

observed in upper organic horizons as opposed to

mineral layers. However, mass balance estimates at

Plastic Lake show that the mineral soil must be a major

source of Ca, Sr and Ba to trees and this may only be

reconciled by considering mass-weighted ratios in the

entire forest, which fall between values observed in

the upper organic horizon and the B horizon. Given the

large variability in elemental ratios in soil water and

vegetation some slight discrimination between soil

and trees cannot be discounted, but considering only

ratios in litter (or foliage) and soil water would provide

an erroneous conclusion that mineral soils at Plastic

Lake provide little to no Ca in trees and discrimination

factors used in other regions should be interpreted with

caution.
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