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65- and 15-year-old sites, respectively) indicating that DOC concentration in
the Ah-layer may have been highly affected by the amount of DOC that was
transported down from the litter layer as the major source of DOC production

rather than by in situ release and adsorption within the Ah-horizon.

7.4.7 Correlations of DOC concentrations with forest stand characteristics
The mean annual DOC concentration of forest floor leachates did not show
any correlation with the amount of annual litter-fall. Our bi-weekly
measurements of both litterfall and DOC concentration of forest floor leachate
during autumn 2005 revealed contrasting results about the sensitivity of forest
floor DOC to fresh litterfall input. Figure 7.6 shows that during the sampling
period of the last two weeks in October in which highest litterfall occurred,
DOC concentrations of forest floor leachate were up to twice as high than
before and after that intense litterfall period at the two oldest sites. In contrast,
the large amount of freshly fallen litter did not affect the DOC concentration
of forest floor leachates at the 15-year-old site. The limited number of samples
retrieved during that period precluded testing for statistical significance of the
observed trends.

Higher DOC concentration in throughfall during the summer of 2005
was unlikely to be a result of changes in LAL Even though maximum DOC
concentration in throughfall coincided with maximum LAI in summer, DOC
concentrations did not correlate with changes in LAI throughout autumn

(Figure 7.7). This suggests that DOC concentration in throughfall was mostly
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determined by DOC concentration in precipitation or by other factors such a
flower dust or exudation from needles during the summer months.

Mean annual DOC concentrations of forest floor leachate were
positively correlated with aboveground biomass C pool and forest floor C
pools, and negatively correlated with stand stem density (Figure 7.8). The
correlations were stronger in 2004 than 2005. The increase of DOC
concentration in forest floor leachate with decreasing stem density may be an
artifact rather than a real correlation as both may be primarily a result of
increasing stand age. No correlation was observed between DOC

concentration and NEP, fine root biomass, or soil C pools.

7.5 Discussion
7.5.1 Concentrations and fluxes of DOC in forest ecosystems
DOC concentrations in precipitation, throughfall, forest floor, Ah-layer, and
subsoil leachates measured in our study were similar to those reported in a
review by Michalzik et al. (2001) for coniferous forests in temperate regions,
except for few high values in precipitation in early summer of 2005. These
high DOC concentrations in precipitation could have been caused either by
contamination of the samples, by evaporation or from air pollution, though we
have no clear evidence.

Overall, our estimated DOC fluxes in precipitation and throughfall
were also similar to estimates for coniferous forests as reported by Michalzik
et al. (2001). However, our DOC fluxes through forest floor (1 - 5 g DOC m™

y'l) and Ah-layer (0.5 - 2.0 g DOC m™ y') were considerably less than their
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reported range of 10 - 40 and 15 g DOC m? y! for forest floor and Ah-layer,
respectively reported by Michalzik et al. (2001). Neff and Asner (2001)
reported DOC flux in 0-20 cm mineral soil in the range of 1 -5 g DOC m? y!
which is closer to our estimates for the Ah-layer. Our low estimate may result
from an underestimation of water flux as zero-tension lysimeters were
sometimes clogged and possibly overflowed. Furthermore, our estimates do

not cover a full year, as we did not collect data from December to March.

7.5.2 Sources and sinks of DOC in forest ecosystems
Forest canopy functioned as a DOC source by increasing incoming DOC
concentrations and fluxes from precipitation by two to five times. DOC
production from forest canopy might be closely related to LAI, but we found
contrasting patterns of DOC concentrations in throughfall for the years 2004
and 2005. In 2004, no seasonal pattern was observed for DOC concentrations
in throughfall, whereas a rise and peak during the early summer was observed
in 2005. We showed that this pattern was not consistent with the development
of LAI during autumn; therefore, the effect of LAI on DOC concentrations in
throughfall cannot be confirmed in our study. We have been unable to find
studies on DOC vs. LAI relationships, but this might be a fruitful method of
converting the large amount of LAI data for forests into estimates of DOC
concentrations and fluxes from canopies.

The forest floor (LFH-layer) was the major source of DOC in this
forest ecosystem as well as in others (Hongve, 1999; Michalzik and Matzner,

1999; Michalzik et al., 2001; Moore, 2003; Starr and Ukonmaanaho, 2004).
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The primary origin of DOC production in the forest floor has been attributed
to the litter layer (e.g. Michalzik and Matzner, 1999; Froberg et al., 2005)
whereas other studies found that DOC is primarily released from stable
humified organic matter (Kalbitz et al., 2000). Froberg et al. (2005) found in a
simulation study that forest floor DOC concentrations increased after the
addition of litter. In our study, however, mean DOC concentrations of forest
floor leachates were not correlated with annual litterfall. DOC concentrations
increased in our 30- and 65-year-old stands but did not change in our 15-year-
old stand during the autumn litterfall. Thus, other factors than the amount of
fresh litter input may control DOC concentrations such as forest floor
thickness, cycles of wetting and drying, and mineralization and decomposition
processes (Kalbitz et al., 2000; Smolander and Kitunen, 2002; Chow et al.,
2006). The lack of DOC response of our 15-year-old stand to autumn litterfall
may be related to the thicker forest floor than at the 30- and 65-year-old
stands.

We observed an age-related trend in DOC concentration of forest floor
leachates which may result from correlation of forest floor DOC
concentrations to aboveground biomass and forest floor C. An increase in
forest floor C can be expected to provide a greater C supply for decomposition
processes and DOC leaching. Thus, changes in forest tree biomass and forest
floor C throughout the development of forest ecosystems may have
considerably affected DOC concentrations and fluxes.

In our study, the soil Ah-layer was a sink for DOC rather than a source.

In contrast, Yano et al. (2004) found that the Ah-layer functioned as a greater
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source of DOC than the organic layer in coniferous old-growth stands. In
general, studies have concluded that DOC concentrations in Ah-layer decrease
through adsorption processes, particularly in sandy soils (e.g. Dosskey and
Bertsch, 1997; Kalbitz et al., 2000; Michalzik et al., 2001). We also found that
DOC concentration of the Ah-layer was affected by DOC input from the forest
floor, which suggests that DOC concentrations in the Ah-layer did not
primarily result from production in the Ah-layer itself. This is in agreement
with Froberg et al. (2006) who used C'* measurements to show a substantial
sorption and desorption of DOC from the forest floor and soil C in the mineral
soil.

We observed the strongest absorption capacity (minimum DOC,) in
our sandy soils at around 50 cm depth, probably due to a combination of low
soil C concentrations and the presence of Fe and Al sorption sites, though we
did not determine these. The mineral soils at these sites contain about 5 kg C
m™, based on bulk density and C concentration measurements. Assuming our
estimated difference in DOC flux between the forest floor and soils at a depth
of 1 m to be between 3 and 15 g m™ y™' are caused by adsorption of DOC, then
this amount of soil C could be generated by adsorption alone in 300 to 1700
years, which is much less than the age of these soils (forest floor) and
ecosystems. This suggests that much of the adsorbed DOC can be
remineralized back to carbon dioxide, as has been suggested by Moore (1989)

for New Zealand forested soils.
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7.5.3 Environmental controls on DOC production, transport and retention
Seasonal variability in both DOC concentration and fluxes observed in our
study may be explained by changes in environmental parameters. Higher DOC
concentrations in leachates from the forest floor and the Ah-layer during the
summer months may result from the warmer temperatures observed at our
sites. Soil temperature has been suggested as major control on DOC (Dalva
and Moore, 1991; Guggenberger et al., 1998; Kalbitz et al., 2000), but there is
still some uncertainty about its full effects. For instance, Kalbitz et al. (2000)
reported that a well-drained soil often showed a negative relationship between
soil temperature and DOC concentration. The dependence of DOC
concentration on soil temperature in our study was especially pronounced in
the forest floor. Michalzik and Matzner (1999) also found a strong temperature
dependence of forest floor DOC in a spruce forest, and Guggenberger et al.
(1998) suggested that microbial activity in response to temperature changes
controls DOC production in the upper soil layers. Laboratory studies have
suggested Qo values between 1.2 and 2.0 (Christ and David, 1996; Godde et
al., 1996).

Our negative relationship between DOC concentration and soil
moisture content is in disagreement with field and laboratory studies that have
reported either a positive or no relationship (Christ and David, 1996; Kalbitz et
al., 2000; Froberg et al., 2006). Most studies conclude that increasing soil
moisture enhances microbial activity, especially in well-drained soils, and thus
increases DOC concentrations (summarized by Kalbitz et al., 2000). We did

not observe any dilution effect on DOC concentrations resulting from
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increased rainfall intensity. Smaller DOC concentrations have been observed
for heavy rainfall periods (Michalzik and Matzner, 1999; Kalbitz et al., 2000),
though Dosskey and Bertsch (1997) reported no dilution effect of rainfall in
sandy soils. Drainage of water via macropores in sandy soils may not allow
enough contact time between water and soil to release and flush out a
substantial amount of DOC.

Our observed DOC flux estimates were mainly driven by the amount of
water percolating through the forest ecosystem rather than the actual DOC
concentration. Michalzik and Matzner (1999) also suggested that water input
was the driving factor for DOC fluxes in forest ecosystems. Thus, factors that
control water input and transport, such as storm frequency, canopy
interception, snowmelt, and leaching rate, may be more significant than
controls on the actual DOC concentration with regards to the amount of DOC

cycling and export from forest ecosystems.

7.5.4 Changes in DOC chemistry

Based on the SUVA;s4 method, our results suggest that there is an increase in
the aromatic proportion of DOC as water passes from precipitation to
throughfall and the forest floor, though the range in SUVAjs4 values was
modest, ranging from 2 to 3 (Weishaar et al., 2003). This is to be expected, as
the contribution to DOC comes from decomposed organic matter. The field
subsoil DOC samples and the laboratory DOC sorption study both showed a

decline in SUVA;s4 as water passed through the mineral soil, suggesting a
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preferential adsorption of the aromatic DOC fraction by the mineral soils,

which has been confirmed in other studies (Kaiser and Guggenberger 2000).

7.5.5 DOC flux as part of the overall C cycle in forest ecosystems and land
use change

Carbon input, transport, and output via DOC fluxes in this forest ecosystem
were very small compared to other C pathways. DOC input via precipitation
was estimated to be < 1% of net ecosystem productivity (Arain and Restrepo-
Coupe, 2005). DOC transport from canopy to forest floor was about 1% of C
allocation via litterfall and DOC export via leaching was estimated to be 1% or
less of the soil respiration as CO,-C. DOC may function as substrate for
microbial decomposer activities and influence nutrient cycling and thereby
affect forest stand productivity and the overall C cycle to a larger extent than
just C fluxes.

In Eastern North America large areas have undergone land-use change
through forest regeneration and recently through afforestation of marginal
agricultural land which may affect ecosystem C dynamics (Quideau and
Bockheim, 1997; Khomutova et al., 2000; Mattson et al., 2005). We observed
an increase of DOC concentrations in forest floor and Ah-layer solution with
the passage of time after stand establishment, which is correlated with the
accumulation of tree and forest floor biomass. Despite higher DOC
concentrations in soil solution of older stands, our study suggests that the loss
of C by groundwater DOC export may be decreased by up to four times at a

stand age of 65 years, compared to a recently established forests. This may be
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explained by a general decrease in water loss due to increased water uptake by
tree roots and by a stronger DOC sorption capacity of the subsoils.

Similarly, Quideau and Bockheim (1997) found that afforestation of
prairie land with red pine caused an increase in DOC concentration in soil
solution and Khomutova et al. (2000) found in a laboratory leaching
experiment that DOC production was higher in a pine plantation soil compared
to a pasture soil. In Finland, Mattson et al. (2005) showed that DOC export at
the landscape level increased with increasing percentage of agricultural land.
They suggested that this resulted from the application of fertilizer and
observed a negative correlation between DOC export and percentage of
forested land, which is in agreement with our findings. In contrast, Piirainen et
al. (2002) suggested that forest-clear cutting of a boreal spruce forest did not
significantly alter ecosystem DOC export, probably because of a strong DOC
sorption capacity of the subsoil. Understanding the effect of land-use change
of DOC concentrations and export is imperative to predict large-scale C

dynamics and changes in landscape ecosystem C budgets.
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Table 7.1: Significant characteristics of the four Turkey Point sites.

Characteristics 65-year-old 30-year-old 15-year-old 2-year-old
Location 42,42',35.20" N 42,42',24 52" N 42,46,2791"N 42,39',39.37" N
80, 21", 26.64" W 80, 20", 53.93"W 80, 27',31.59" W 80, 33',34.27" W
. X —— Oak savanna Agricultural land; no  Agricultural land;
Previous land use + management cleared for cropping for few years — no cropping for

practices

Dominant tree species
Major understorey and ground
vegetation species

Mean tree height (m)

Mean tree diameter at DBH (cm)
Stem density (trees ha™)
Aboveground tree biomass (g C m?)

for afforestation;

thinned in 1989

Pinus strobus
Understorey:
Quercus vultina,
Abies balsamifera,
Prunus serotina
Groundcover: Rhus
radicans, Rubus spp.,
Maianthenum
canadense,
Polytrichum spp.,
Pteridium aquilinium
22

35

429

8416

afforestation; no
thinning

Pinus strobus
Understorey:
Quercus vultina

Groundcover:
scattered patches
of moss
(Polytrichum spp.)

12
16
1492
4488

253

prior to afforestation,
no thinning

Pinus strobus
Understorey: Quercus
vultina

Groundcover: none

16
1242
3236

few years prior to
afforestation

Pinus strobus
Understorey: none

Groundcover:
Herbs, grasses
(Conyza
canadiensis,
Digitaria
sanguinalis,
Trifolium repens)
1

2.5 (tree base)
1683
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Forest floor (LFH) (g C m’™) 1211 545 745 83

Forest floor (LFH) thickness (cm) 2.5 2.0 3.0 0.5

Fine root b_120mass (<5 mm)in 0-15 cm 390 465 405 23

depth (g m™)

Max. LAI (m* m?) 8.0% 5.9% 12.8* 1.0
Litter-fall in 2004 (g m™ yr™) 400 290 520 na
Litter-fall in 2005 (g m™ yr'') 340 220 440 na

Soil type Brunisolic Luvisol Brunisolic Luvisol Sii};:ngmnlsollc Brunisolic Luvisol
Soil texture fine sandy fine sandy fine sandy loam fine sandy
Soil pH (upper 20 cm) 5.5 55 6.2 74

Soil C in 0-15 cm (A-horizon) (2 C m?) 1950 1420 1850 1740

* corrected for clumping factor from Chen et al. (2006).
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Table 7.2: Mean DOC concentration (mg DOC L) + standard deviation in precipitation, throughfall, forest floor and Ah-layer
leachates at the 2-, 15-, 30-, and 65-year-old sites from snowmelt to the end of November in 2004 and 2005. (ND = not determined).

65-year-old 30-year-old 15-year-old 2-year-old

2004 2005 2004 2005 2004 2005 2004 2005
Precipitation * 1.8+0.6 6.7+6.2 33.E2.1 56+3.2 33£1.2 6.1+6.6 28+1.0 43+20
Throughfall 9.8+1.9 16116 6115 9+55 15.7+52 17.9+£12.1 ND ND
Forest floor 88.3+£409 564+20.6 56.2+147 474+17.7 468+345 32.1+32.7 33.2+£19.6 31.4+26.2
Ah-layer 66.5+23.8 448+30.9 403+10.6 354+124 43.6+26.1 35+£157 653+354 198+113
Mineral soil 25cm  ND ND ND ND 184+70 142+48 ND ND
Mineral soil 50cm  ND ND ND ND ND 3.7+0.5 ND ND
Mineral soil 100 cm ND ND ND ND 2.2 23 +£04 ND ND

* Higher DOC concentrations in precipitation during 2005 resulted from a few unusually high summer values which may have been
caused by either evaporation of bucket water, or from accumulation of organic matter (i.e. pollen, insects, plant litter, and volatile
organic matter) or by contamination from long-range transport of industrial air pollution in the region.
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Table 7.3: Estimated mean fluxes of water (L m™) and DOC (g DOC m’%) from snowmelt to the end of November in 2004 and 2005.
(NA = not applicable, numbers in parentheses represent estimated minimum to maximum range).

65-year-old 30-year-old 15-year-old 2-year-old
Water flux (L m”) 2004 2005 2004 2005 2004 2005 2004 2005
Precinitation 499 451 489 521 412 445 419 475
p (469 — 529) (445 -458) (460 —518) (490 —552) (401 —423) (433-456) (413-426) (437—514)
384 361 337 340 247 288
Throughfall (313-456) (278—445) (280—394) (280—399) (191-302) (201-374)  NA NA
Forest floor 25 29 65 47 47 32 9 13
(13-37)  (12-45) (25-104) (28-65) (28-66) (21-45)  (2-16) (5-26)
Abolaver 15 18 40 39 21 13 3 3
y (7-23)  (10-25) (30-62) (21-56) (15-27) (9-17) (0.1-6)  (0.3-5)
DOC flux (g DOCm?) 2004 2005 2004 2005 2004 2005 2004 2005
Precioitation 0.9 24 14 2.0 13 1.7 1.1 19
piatio (05-14) (1.7-3.1) (1.0-18) (14-25 (09-17) (12-22) (0.7-16) (1.4-24)
3.8 4.7 2.0 2.6 3.8 45
Throughfall (0.7-79) (0.7-10.9) (1.2-3.1) (13-42) (29-64) (1.8-8.5) NA NA
Forest floor 2.0 1.5 3.5 22 34 1.6 0.3 0.5
(0.8-39) (05-3.5) (07-82) (1.1-42) (14-62) (08-29) (0.01-08) (0.1-13)
1.0 0.9 1.8 1.5 0.7 0.5 0.3 0.1

Ab-layer 03-19) (04-16) (0.8—3.1) (0.5-2.9) (04—11) (03-0.7) (0.01-0.9) (0.010.2)
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Table 7.4: Mean SUVA (£ standard deviation) in precipitation, throughfall, forest floor and Ah-layer leachates at 2-, 15-, 30-, and 65-
year-old sites and at 25, 50 and 100 cm depth in the subsoil at the 15-year-old site, during 2005. (ND = not determined).

65-year-old 30-year-old 15-year-old 2-year-old
Precipitation 1.27 £0.69 194 £0.54 242 £1.13 2.00 +0.83
Throughfall 2.07 £0.65 2.05 £0.63 2.36 £0.57 ND
Forest floor 3.15 £0.76 3.59 £0.88 2.69 +£0.80 2.83 +£0.55
Ah-layer 3.04 £0.68 3.26 £0.97 253 £143 3.73 £2.19
Mineral soil 25cm  ND ND 2.17 £0.14 ND
Mineral soil 50 cm  ND ND 1.33 £0.25 ND
Mineral soil 100 cm ND ND 0.90 £0.67 ND
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Table 7.5: Linear regression analysis for determination of DOCyp; DOCnp -_<

m
Site I?sﬁf)h (ngI;)oCEpL'l) SEEofDOC,, ¢ SE( m SE(m #  SEE Sig (p)
. 5 604 418 8535 0474 0141 0017 0959 0603 <0001
5 25 26 1.9 4797 0333 0212 0012 0991 0423 <00l
8 50 114 5.58 2423 0972 0213 0035 0926 1237 <00l
° 100 33 4.00 0793 0762 0238 0027 0962 0970  <0.01
. 5 257 441 6194 0863 0241 0031 0954 1089 <001
5o 25 78 1.38 4200 0649 0535 0031 0994 0738 <00l
2T 50 23 0.98 1089 0401 0466 0019 0997 0456 <00l
@ 100 5.4 3.10 1925 0994 0359 0047 0967 1131  <0.05
. 5 53.4 391 7790 0409 0.136 0012 0979 0547 <00l
5w 25 1.6 441 0881 1260 0373 0036 0973 1684 <00l
T 50 0.6 3.15 0558 0855 0373 0024 0988 1143 <00l
- 100 7.9 451 3144 1207 0348 0034 0972 1613 <00l
, 5 155 2.85 4578 0634 0296 0018 0989 0847 <0.00
g 25 18.8 8.70 265 0971 0141 0027 0899 1297  <0.05
23S 50 83 2.85 (1868 0431 0225 0012 0991 0576 <0.001
100 10.4 4.00 3397 0993 0328 0028 0979 1327 <00l
Min 8.54 0.141 0.899
Max. 033 0.535 0.997
Mean -3.38 0.294 0.969
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Table 7.6: Estimate of DOC export via groundwater leaching (+ standard deviation). Leaching rate below 1 m depth was calculated as
the difference between precipitation (P) and evapotranspiration (ET) as the sum of days on which P > ET and grouped into seasons.
Null-point DOC at 1 m depth was taken as the DOC concentration of exported soil solution.

65-year-old 30-year-old 15-year-old 2-year-old
Water leaching
(mm) 2004 2005 2004 2005 2004 2005 2004 2005
spring 140 +£28 94+ 19 88+18 86+ 17 137+ 27 122 +24 267+ 53 122 + 24
summer 112+22 187 + 37 113 +23 193 +39 115423 117423 159 + 32 229 + 46
autumn 265 +53 320 + 64 262+ 52 282 + 56 263 + 53 191 + 38 282 + 56 259+ 51.8
total 517 £103 601 + 120 453 £ 9] 561 £112 515+ 103 429 £ 86 708 £ 142 610+ 122
DOC export
(g DOC m™) 2004 2005 2004 2005 2004 2005 2004 2005
spring 047+0.12 031+0.8 047+046 046+045 1.08+049 096044 2.77+1.05 126+048
summer 037+0.10 0.62+0.16 0.61+0.56 1.03+1.01 091+041 092+042 1.65+£0.62 238+0.90
autumn 088+023 1.07+028 1.40+137 151+£148 2.09+095 151+£0.69 293+£1.11 2.69+1.02
total 1.72+£045 2.00+£0.52 248+243 3.01+£294 4.08+1.86 340+1.55 734+278 6.33+£240
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Figure 7.1: Concentrations of DOC in precipitation (P), throughfall (TF), forest floor litter (L) and Ah-horizon (H) layers at the four
Turkey Point sites from June 2004 to May 2006. n =2 for P, 6 for TF, and 4 for L and H.
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Figure 7.2: Mean DOC concentration throughout the forest profile layer at
the 15-year-old site between June 2004 and May 2006. Error bars indicate
standard deviation.
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Figure 7.3: (a) Change in Null-point DOC concentration (DOC,), (b) in
SUVA associated with sorption of DOC in the soils , (c) mineral soil C , and
(d) soil pH in mineral subsoil layers of the 2-, 15-, 30-, and 65-year-old sites.
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Figure 7.4: Relationship between DOC sorption intercept (a) and DOC,, (b)
with soil C across the mineral soil profile as mean from all four sites.
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Figure 7.5: Relationship between forest floor DOC concentration with soil
temperature (at 2 cm) and soil moisture (at 5 cm) at the 15-, 30-, and 65-year-
old-sites in 2005.
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Figure 7.6: Comparison of DOC concentration in forest floor leachate (narrow
bars with stripe pattern) with the amount of litter fall (wide solid bars) during
autumn 2005 at the 15-, 30-, and 65-year-old sites (no data available for DOC
concentration in forest floor during Oct.1 — 14 at the 65-year-old site). Error
bars indicate standard deviation.
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Figure 7.7: Changes of leaf area index (LAI) and DOC concentration in
throughfall (TF) at the 15-, 30-, and 65-year-old sites throughout the growing
season 2005.
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Figure 7.8: Relationship between forest floor DOC concentration with aboveground biomass C pools, forest floor C pools, and stem
densities in 2004 and 2005 across the age-sequence.
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CHAPTER 8:

SUMMARY AND CONCLUSIONS

8.1 Summary of results

This thesis examined carbon (C) dynamics and the exchange of the three
major greenhouse gases (CO,, CHy4, and N,O) in an age-sequence (7-, 20-, 35-,
and 70-years-old as of 2009) of afforested pine forests, in southern Ontario,
Canada. The impacts of environmental controls on these greenhouse gas
exchanges were also evaluated. CO; fluxes were measured from 2003 to 2007
using the eddy-covarianée (EC) technique, while inventory based
measurements were conducted to obtain biometric estimates of C pools and
net forest productivity at each site. Soil CH; and N,O measurements were
conducted from 2006 to 2007 using the static closed-chamber method. In
addition, concentrations and fluxes of dissolved organic carbon (DOC)
throughout the vertical profile in forest canopy and soil were determined from
2004 to 2005 using throughfall buckets, zero-tension trays, and tension-
lysimeters in all four stands. The main findings of this thesis have been

described in chapters as summarized below:

Chapter 2 concludes that specific age-related C flux patterns occurred on a
monthly scale for constrained versus unconstrained climatic conditions. It
further suggests that a correction for differences in site quality is necessary to

evaluate age effects on forest C exchange in chronosequence studies.
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Chapter 3 suggests age-related patterns in the response of C fluxes to
environmental controls. It concludes that the temperature-ecosystem
respiration (RE) relationship was an important control on daily anomalies of
net ecosystem production (NEP) under optimum growing conditions, whereas
constrains on gross ecosystem production (GEP) primarily determined NEP
anomalies during environmentally constrained periods. In addition, accounting
for combined effects from multiple environmental controls on C fluxes is
suggested to provide a more realistic estimate of forest ecosystem response to
future climatic changes. The results further indicate that future changes in
temperature and precipitation patterns towards drier and warmer conditions as
well as greater cloud cover may reduce C sequestration potentials in these

temperate pine forests.

Chapter 4 assessed the potential impact of seasonal drought and heat events on
the annual NEP of these age-sequence forests. It concludes that spring
droughts in combination with heat stress may considerably reduce the annual
forest C sequestration potential due to a reduction in GEP. In combination
with Chapter 2 and 3, the thesis work concludes that contraints on GEP

primarily drive NEP anomalies on daily, monthly and annual scale.

Chapter 5 compared biometric and EC based estimates of forest C exchanges.

It concludes that cross-validation of various techniques is important to

constrain estimates of forest C exchanges and to identify methodological
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strengths and weakness of individual techniques and to understand

uncertainties associated with these C estimates.

Chapter 6 demonstrated that uptake and emission of both CH4 and N,O may
occur in these dry, nitrogen-limited forest ecosystems. In addition, the
contribution of CH4 and N;O exchanges to the net warming potential was

marginal in these forest age-sequence sites.

Chapter 7 concludes that biomass pools and the sorption capacity of mineral
soil were important controls on DOC concentrations while water flux was the
primary control on DOC export in these age-sequence forests. While DOC
fluxes had a minor contribution to ecosystem C cycling, DOC dynamics are

important through its effects on soil microbial processes.

Complete C and global warming potential (GWP) budgets were estimated for
each age-sequence stand based on the summary of all C and GHG fluxes
quantified within the individual chapters'. The net warming potential in these
temperate forests ranged from -2.5 to -21.5 t CO; eq ha™! y'1 (negative sign
indicates a cooling effect) depending on forest age and productivity (Figure
8.1). While ignoring winter fluxes of CH4, N2O and DOC, their combined
relative contribution to GWP ranged from to <1% at TP89 and TP74 to 15%

and 8% at TP02 and TP39, respectively. Thus, this study suggests that the

' A separate article based on summarized findings from Chapter 2-7 (see Figure 8.1) is in
preparation for submission to Ecosystems.
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ecosystem exchange of CO; is the key driver for forest GWP in highly
productive maturing forests while the contribution of CH4, N,O, and DOC
fluxes may be more significant in recently established and mature forests.
Based on the average C sequestration rate of 2.5t C ha' y' determined
in this thesis and given an area of 3 Mha of already exisiting forest plantations
in Canada (Dixon et al. 1994) current forest plantations may be able to
sequester 7.5 Mt C annually which accounts for ~4% of the annual Canadian
CO; emissions from fossil fuel burning (Environment Canada, 2007) in 2007.
Future afforestation of marginal agricultural land may further increase the

potential in offsetting anthropogenic CO; emissions.

8.2 Significance of study

To date, few attempts have been made to quantify the net effect of forest C
and greenhouse gas exchange on GWP by including measurements of all
relevant fluxes (i.e. CO,, CH4, N>O, and DOC) (Ball et al., 2007; Shrestha et
al., 2009). This study is therefore unique in providing a completed C budget
and GWP estimate. In addition, this study is able to provide complete C
budget and GWP estimates for a range of forests at different development
stages. Understanding the net effect from forest C and GHG exchange on
GWP throughout the entire forest life cycle is imperative to evaluate the
potential of forests as a tool in mitigating global warming and the increase of

atmospheric GHG concentrations.
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Furthermore, this study has improved our understanding of the successional
effects on forest C dynamics and greenhouse gas exchange. Although previous
studies have investigated age effects on forest C and GHG exchange (Priemé
et al., 1997; Ball et al., 2007; Schwalm et al., 2007) findings in literature are
mostly limited to natural forest succession and regeneration, whereas this
study provides important information for afforested stands. This study also
provided a significant contribution by filling in the existing gap in C flux data
for young and maturing forests (Amiro et al. 2006). Accounting for differences
in forest C and GHG exchange and its age-related response to environmental
and climatic conditions at different development stages is important to
improve large scale estimates as well as future projections of forest C

sequestration and GPW potentials under a changing climate.

In this thesis work, estimates of forest C exchange were constrained by using
two independent methods. This provided valuable information on the
uncertainty range around estimates C fluxes and allocation patterns. Although
previous studies have compared multi-year and multi-site estimates of
biometric and EC-based data (Curtis et al. 2002, Gough et al. 2008), this study
may be the only one to date that compares both methods across an age-
sequence of forest stands.

Furthermore, more than 400 sites are currently collecting EC data on
forest C exchange (Baldocchi 2008). Because EC measurements provide non-
replicated estimates of forest C exchange and are associated with measurement

uncertainties, cross-validation of these measurements with biometric data is
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important to obtain realistic estimates and uncertainty ranges of forest C

sequestration potentials.

Model based simulations are able to provide large scale estimates and future
predictions of forest C and GHG exchange (Arain et al., 2006; Li, 2007).
However, these models require field data for parameterization and output
validation purposes. Therefore, findings from this study provide important

information needed to parameterize and improve process-based models.

8.3 Future research suggestions

The annual GWP estimate in this study is limited by the fact that CH4 and N,O
measurements were made on a coarse temporal (monthly) scale and from April
to December only. However, winter fluxes of CH4 and N,O may contribute
significantly to the annual budget (Brumme et al., 1999; Borken et al., 2006).
Furthermore, monthly measurements are likely to miss event based spikes in
N,O and CH4 exchanges (Brumme et al., 1999). Therefore, future research
needs include continuous (i.e. automated chamber) year-round measurements

to improve the annual GWP estimates for these sites.

Furthermore, a better understanding of the mechanisms that lead to CHy
emission and N,O uptake at these sites would be of interest. Due to limited
time and resources, the explanations behind these observations remain
speculative in this study. However, as this and other studies (Savage et al.,

1997; Rosenkranz et al., 2006; Goldberg and Gebauer, 2008) have shown, CH4
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emission and N;O uptake may occur more frequently than previously
assumed, with potentially significant impacts on the annual budget. Therefore,
understanding these mechanisms and implementing them in process-based
models constitutes an important future step in efforts to improve CH, and N,O

exchanges estimates.

Future research work on the potential of forest management practices in
increasing forest C sequestration is suggested. Planting density, thinning, and
fertilization treatments may enhance forest growth and C uptake, but may also
result in increased decomposition and losses of N>O. Quantifying possible
benefits from forest management is imperative to evaluate the capacity of

forests as tool in C sequestration under future C credit programs.

Finally, experimental studies simulating constraining environmental
conditions (e.g. drought, alteration of precipitation patterns) are needed tc;
further improve and modify findings from this study regarding the response of
forest C and GHG exchanges to future changes in climatic and environmental

conditions.
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Figure 8.1: Ecosystem C pools (square boxes; t C ha™"), C fluxes (assimilation, litter fall, DOC flux = solid arrows, respiration =
dotted arrows; g C m™ y'"), CH, and N,O fluxes (t CO, eq ha'' y"), and global warming potential (GWP; t CO, eq ha™' y') at the pine
forests TP02, TP74, TP89, and TP39; For legend of abbreviations see Chapter 5, pg. 112.
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Figure 8.1 continued
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