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Abstract:

 This study examined the influence of climate on cumulative and interannual growth patterns of 18 full-sib families of hybrid poplars (Populus × smithii Boivin) derived from different geographical locations (state counties) of natural stands of aspen parents (trembling aspen (Populus tremuloides Michx.) and bigtooth aspen (Populus grandidentata Michx.)). The hybrids were subsequently planted in 1982 in southern mid-Michigan at Michigan State University (MSU) Sandhill Research Area. Cumulative measures of hybrid poplar productivity (diameter, height, basal area, and stem volume) in 2009 (28 years since plantation establishment) were related via correlation analysis to geographical distances and climatic variables (temperature and precipitation) between parental county locations and between parental locations and the plantation site. Tree-ring analysis methods (dendrochronology) were also used to quantify the influence of climate (i.e., mean temperature and total precipitation at monthly and 3-month seasonal scales) on interannual basal area growth rates of hybrid poplars. Analyses of cumulative measures of growth indicated a maternal effect: full-sib families had higher productivity if they had a maternal parent originating from a state county that was close to or had higher temperature (annual and summer) and summer precipitation than corresponding parameters of the planting site. Principal component analysis indicated that 17 of the 18 full-sib families shared a large amount of common growth variation. Dendrochronological analyses of interannual growth-climate relationships indicated that growth was mainly affected by the degree of late summer to fall moisture stress in both the current and previous growth season, and the degree of winter harshness.
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1. Introduction

Rising energy costs and the non-renewable nature of petroleum based energy sources have created the impetus to develop renewable energy sources [1,2]. Woody biomass is a renewable resource that can serve as a feedstock to produce electricity and heat (bioenergy), as well as liquid fuels such as ethanol (biofuels) which in turn helps displace fossil fuel use. If properly managed, woody biomass feedstocks for bioenergy and biofuels production have the potential to be carbon neutral.

Sustainable woody biofeedstock production systems require a reliable supply of woody biomass. Hybrid poplars have been tapped as an important biofeedstock resource in which productivity gains can be realized over very short rotations [3]. Hybrid poplars are derived from both natural and anthropogenic crosses among poplar species [4]. In the north-central United States, the potential yield of hybrid poplar plantations can reach 27–45 m3 ha−1 year−1 [5]. However, there is limited understanding of the climatic sensitivity (e.g., degree of drought tolerance) of hybrid poplars. Most genetic tree-improvement programs are geared towards improving growth traits (e.g., height, diameter, volume) [6,7] without consideration of the climatic effects on such growth traits. Effects of climatic factors have been examined for hybrid poplars [8,9] but have focused on the effects of climate on roots [10] and generally consist of short term (<5 years) ecophysiological studies [11,12,13].

The annual growth cycle of temperate and boreal tree species in North America alternates between phases of summer growth and winter dormancy in response to seasonal changes in climatic drivers of tree growth phenology [14]. The seasonal periodicity of climatic effects on stem growth processes results in the formation of annual rings. Tree-ring analysis (dendrochronology) provides insight into the seasonal timing of growth-climate relationships [14,15]. Nonetheless, there is limited species-specific understanding of the climatic drivers of growth phenology for a number of tree species [16]. Dendrochronology studies therefore can assist with the parameterization of climatically-sensitive forest growth models [17]. Tree-ring analyses represents an alternative and insightful approach to reveal past climatic drivers of tree growth at longer term time scales [15,18,19], and has been an underutilized tool to assess climatic sensitivity of hybrid poplars although it has been applied to poplar species, in particular trembling aspen (Populus tremuloides Michx.) [20,21,22].

There is a growing need for identifying key climatic and ecophysiogical mechanisms that influence growth and productivity of hybrid poplars to ensure sustainable management of hybrid poplar production systems [23] particularly in terms of adapting to future climatic change. The objective of this study is to elucidate the impact of climatic factors (i.e., temperature and precipitation) on cumulative and interannual growth rates of fast growing hybrid poplar previously planted in a Michigan State University (MSU) research property in the Lower Peninsula of Michigan.



2. Experimental Methods


2.1. Study Area and Field Sampling

This study was conducted in the Michigan State University (MSU) Sandhill Research Area (SRA: 42.7°N latitude; 84.5°W longitude) located in East Lansing in Ingham County, Michigan (Figure 1; Table 1). Pollen and branches with female catkins from natural stands of aspen parents (i.e., trembling aspen (Populus tremuloides Michx.) [24] and bigtooth aspen (Populus grandidentata Michx.) [25]) derived from different geographical localities were genetically crossed (P. grandidentata × P. tremuloides) and a full-sib progeny test plantation of hybrid poplar (P. × smithii Boivin) [4] was established at the field experiment location in April of 1982 [26,27]. Full-sib progeny testing involves a controlled pollination in which both the maternal and paternal parents are known [7]. Family members from each full-sub maternal and paternal genetic cross have 50% of their genes in common.

Figure 1. Map of Michigan state counties. Pollen and branches with female catkins were obtained from aspen parents (Populus tremuloides Michx. and Populus grandidentata Michx.) from different counties (indicated by black filled triangles) and a full-sib progeny test plantation of hybrid poplar (Populus × smithii Boivin) was established in the Michigan State University Sandhill Research Area in Ingham county in 1982.
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Table 1. Geographical coordinates and climatic conditions for Michigan state county origins (listed in alphabetical order) of aspen parents of hybrid poplar (Populus × smithii Boivin) for the reference period of 1971–2000 obtained from the National Climatic Data Center [28]. Table abbreviations noted at end of table.


	County
	County Abb.
	Lat. (°N)
	Long. (°W)
	Climate Station Name
	Station No.
	TAVG (ºC)
	PPT (mm)





	Benzie
	BEN
	44.63
	86.25
	FRANKFORT 2 NE
	MI2984
	7.5
	892



	Branch
	BRA
	41.92
	85.05
	COLDWATER STATE SCHOOL
	MI1675
	8.8
	912



	Calhoun
	CAL
	42.25
	85.00
	BATTLE CREEK 5 NW
	MI0552
	9.1
	899



	Chippewa
	CHI
	46.32
	84.52
	DE TOUR VILLAGE
	MI2094
	5.6
	749



	Clare
	CLA
	43.99
	84.84
	GLADWIN
	MI3170
	7.4
	807



	Gladwin
	GLA
	43.99
	84.39
	GLADWIN
	MI3170
	7.4
	807



	Ingham
	ING
	42.60
	84.37
	EAST LANSING 4 S
	MI2395
	8.3
	785



	Iosco
	IOS
	44.28
	83.34
	EAST TAWAS
	MI2423
	7.1
	789



	Iron
	IRO
	46.21
	88.51
	STAMBAUGH 2 SSE
	MI7812
	3.8
	775



	Kalkaska
	KAL
	44.69
	85.08
	TRAVERSE CITY FAA AP
	MI8251
	7.3
	858



	Lake
	LAK
	43.99
	85.81
	BALDWIN
	MI0446
	7.0
	869



	Marquette
	MAR
	46.66
	87.60
	MARQUETTE
	MI5178
	6.0
	763



	Montcalm
	MON
	43.31
	85.15
	GREENVILLE 2 NNE
	MI3429
	8.3
	882



	Oakland
	OAK
	42.66
	83.38
	PONTIAC STATE HOSPITAL
	MI6658
	9.2
	772



	Ogemaw
	OGE
	44.33
	84.13
	LUPTON 1 S
	MI4967
	5.9
	1,351



	Roscommon
	ROS
	44.33
	84.61
	HOUGHTON LAKE WSO AP
	MI3936
	6.4
	726



	Saginaw
	SAG
	43.33
	84.05
	SAGINAW FAA AP
	MI7227
	8.3
	804



	Van Buren
	VAN
	42.27
	86.31
	BLOOMINGDALE
	MI0864
	8.5
	1,009



	Wexford
	WEX
	44.34
	85.58
	CADILLAC
	MI1176
	5.9
	833





Note: County Abb. = first three letter abbreviation of county; Lat. = latitude and Long. = longitude of county. Climate variable abbreviations: TAVG = mean annual temperature; and PPT = total annual precipitation.








Each hybrid poplar was planted in a randomized complete block design with 6 replications [26,27]. Nursery stock (1-0) was initially grown in greenhouses and then machine planted with a revised cultiplanter in April 1982 at a spacing of 2.44 m between row and 1.83 m between trees in the same row. In the year prior to planting, site preparation consisted of mowing vegetation with a rotatory mower in August 1981 combined with spraying with glyphosate herbicide (application rate of 7 L/ha) in 1 m wide strips three to four weeks later. After spring planting, seedlings were spot-sprayed with glyphosate herbicide in July 1982 to control invading grasses.

According to the nearest meteorological station (East Lansing 4S, MI2395) and for the reference period of 1971–2000, mean annual temperature is 8.3 ºC with warmest mean monthly temperatures in July (21.4 ºC) and coldest mean monthly temperatures occurring in January (−5.8 ºC) [28]. Total annual precipitation is 782 mm with most precipitation occurring in August (85.9 mm). Soil conditions at SRA are a fine sandy loam [26,27]. Grasses and perennial weeds constitute the dominant understory vegetation at this site.

Full-sib families of hybrid poplar still represented by at least two surviving members (i.e., at least two out of the 6 replicates) by the end of the 2009 growing season were selected for additional sampling in spring of 2010. Consequently, a total of 18 full-sib families of hybrid poplar were sampled of which P. grandidentata was the maternal component of 7 of the full-sib families and P. tremuloides was the maternal component of 11 of the full-sib families (Table 2). The number of dead individuals of each family is equal to 6 (number of replications) subtract the number of surviving members listed in Table 2. The hybrid poplar trees in each of these full-sib families were sampled with an increment borer from the stem region at breast height (1.3 m) and two increment cores were obtained from opposite sides of each tree (180º apart). Diameter at breast height (DBH) was measured with diameter tape and height of each tree was determined with a laser hypsometer.


Table 2. Characteristics of full-sib families of hybrid poplar (P. × smithii) including county locations and species of maternal and paternal parents. Growth characteristics are cumulative values after 2009 growing season and are also averaged for families where maternal parent is P. grandidentata or P. tremuloides and the average for all families combined. Full-sib families are listed according to ranking (largest to smallest) of basal area values. The starting year of the annual tree-ring chronologies is also listed. Full-sib families, parental species, and growth variable abbreviations noted at end of table.



	
Full-Sib Family

	
Mat. Species

	
Pat. Species

	
Genetic Acc. No.

	
No. Trees (No. Radii)

	
DBH (cm)

	
HT (m)

	
BA (m2)

	
VOL (m3)

	
SC

	
Chronology Start Year






	
CAL_WEX

	
P.GRA

	
P.TRE

	
56-6-77

	
2 (4)

	
35.2

	
22.6

	
0.0983

	
0.893

	
62.2

	
1987




	
LAK_MAR

	
P.TRE

	
P.GRA

	
27-38-27

	
2 (4)

	
31.1

	
24.6

	
0.0772

	
0.812

	
79.6

	
1983




	
BRA_CLA

	
P.TRE

	
P.GRA

	
4-9-10

	
2 (4)

	
30.0

	
23.4

	
0.0729

	
0.704

	
81.6

	
1983




	
GLA_GLA

	
P.TRE

	
P.GRA

	
14-21-13

	
2 (4)

	
29.6

	
22.2

	
0.0689

	
0.642

	
75.0

	
1987




	
IOS_GLA

	
P.TRE

	
P.GRA

	
24-33-13

	
4 (8)

	
28.5

	
21.2

	
0.0671

	
0.596

	
78.2

	
1984




	
VAN_IRO

	
P.GRA

	
P.TRE

	
78-44-34

	
6 (12)

	
28.1

	
18.5

	
0.0651

	
0.514

	
68.6

	
1982




	
SAG_CHI

	
P.GRA

	
P.TRE

	
76-40-15

	
2 (4)

	
28.4

	
21.2

	
0.0631

	
0.558

	
75.0

	
1987




	
MAR_CLA1

	
P.TRE

	
P.GRA

	
32-45-10

	
2 (4)

	
27.5

	
19.7

	
0.0591

	
0.488

	
71.8

	
1984




	
CAL_IRO

	
P.GRA

	
P.TRE

	
57-6-34

	
4 (8)

	
27.1

	
21.0

	
0.0585

	
0.523

	
78.0

	
1984




	
WEX_BEN

	
P.GRA

	
P.TRE

	
81-46-8

	
5 (10)

	
27.2

	
20.7

	
0.0585

	
0.505

	
76.6

	
1983




	
MAR_OAK

	
P.TRE

	
P.GRA

	
33-45-32

	
4 (8)

	
26.4

	
17.1

	
0.0567

	
0.434

	
64.6

	
1986




	
CHI_KAL

	
P.TRE

	
P.GRA

	
8-14-21

	
2 (4)

	
25.8

	
20.0

	
0.0533

	
0.432

	
80.3

	
1986




	
ROS_OAK

	
P.TRE

	
P.GRA

	
44-71-32

	
2 (4)

	
25.4

	
17.8

	
0.0517

	
0.368

	
72.8

	
1984




	
MON_VAN

	
P.GRA

	
P.TRE

	
70-31-73

	
3 (6)

	
22.4

	
16.8

	
0.0401

	
0.294

	
74.2

	
1987




	
GLA_CHI

	
P.TRE

	
P.GRA

	
12-21-8

	
3 (6)

	
22.4

	
19.9

	
0.0393

	
0.328

	
89.1

	
1985




	
OGE_GLA

	
P.GRA

	
P.TRE

	
73-33-22

	
2 (4)

	
20.8

	
15.5

	
0.0375

	
0.273

	
76.9

	
1984




	
MAR_ING

	
P.TRE

	
P.GRA

	
28-43-16

	
3 (6)

	
19.3

	
16.7

	
0.0299

	
0.218

	
86.6

	
1983




	
MAR_CLA2

	
P.TRE

	
P.GRA

	
29-43-10

	
2 (4)

	
19.3

	
17.6

	
0.0294

	
0.217

	
91.5

	
1985




	
Mean

	
P.TRE

	
P.GRA

	
-

	
2.5 (5.1)

	
25.9

	
20.0

	
0.0550

	
0.476

	
79.2

	
1985(1987)*




	
Mean

	
P.GRA

	
P.TRE

	
-

	
3.4 (6.9)

	
27.0

	
19.5

	
0.0602

	
0.508

	
73.1

	
1985(1987)*




	
Mean

	
All Combined

	
-

	
2.9 (5.8)

	
26.3

	
19.8

	
0.0570

	
0.489

	
76.8

	
1985(1987)*






Note: First three letters of full-sib family abbreviation refer to location of maternal county, and last three letters refer to paternal county; c.f. Table 1 for full county names. Maternal (Mat.) and paternal (Pat.) species abbreviations: P.TRE = Populus tremuloides and P.GRA = Populus grandidentata. Genetic Acc. No. = Accession number of full-sib family followed by accessions numbers of maternal and paternal parents. Cumulative growth variable abbreviations: DBH = diameter at breast height (1.3 m); HT = total tree height (m); BA = stem basal area at DBH; VOL = total stem volume; and SC = slenderness coefficient which is the ratio of height to diameter in same units (m). * In parentheses is the maximum start year that all full-sib families had a overlapping tree-ring chronology time period.








2.2. Sample Processing and Dendrochronological Measurements

All wood increment cores were processed according to standard dendrochronological techniques and sanded with progressively finer grades of sandpaper to highlight annual rings [29]. All samples within each full-sib family were visually crossdated under a binocular microscope to identify any missing and/or false double rings [30]. All samples were digitally scanned at an optical resolution of 1,200 dpi. Annual ring width was measured using an image analysis software-based system (CooRecorder and DendroScan: Cybis Elektronik and Data AB, Sweden). Difficult sections of some increment cores containing extremely narrow rings were measured with a stage micrometer coupled with a stereo microscope to an accuracy of 0.001 mm (Velmex: Bloomfield, New York).

Annual ring measurements were converted to annual basal area increment values (cm2 year−1). At the end of each growth year, annual ring width measurements from each increment core of each tree was converted to cumulative measures of diameter inside bark (DIB). If coring missed the pith, the missing radius was estimated from the difference of half of the diameter outside bark (DOB) taken in the field and total cumulative radial measurements plus bark retained in each core [31]. Cumulative basal area values were derived from cumulative DIB values and the formula for the area of a circle. Annual basal area increment values (cm2 year−1) were obtained by subtracting cumulative basal area in the previous year (t−1) from the current year (t).

Volume of each tree at the time of sampling at the end of the 2009 growing season was determined for each tree using the following equation developed by Gevorkiantz and Olsen [32]:



V = FBH



(4)




where V = the peeled volume of an individual stem; F = the cylinder form factor and for trees >9.14 m, F = 0.42; B = basal area (m2) determined from DOB; and H = tree height (m). A slenderness coefficient describing tree form was also calculated for each tree by dividing height (m) by DBH (expressed in m) resulting in a dimensionless parameter [33]. Trees experiencing high competition generally show increased values of the slenderness coefficient.
A two-sample t-test with separate variance (SYSTAT version 10.2, procedure TTEST) was used to compare growth variables (DBH, height, basal area, volume, and slenderness coefficient) between whether full-sib families had either P. grandidentata or P. tremuloides as the maternal parent.



2.3. Analyses of Full-Sib Families

Using Pearson correlation analyses, averaged growth performance of each full-sib family was compared to geographical and climatic characteristics of parental county origin. Growth performance variables for each full-sib family included cumulative DBH, height, volume, and basal area after the end of the 2009 growing season. Geographical variables included the straight line distance (km) and latitudinal distance (km) between maternal county location and paternal county location; distances between maternal county location and Ingham county (site location of hybrid poplar plantation); and distances between paternal county location and Ingham county. Climatic normal variables included mean temperature and total precipitation for the annual period of January to December and for the growing season period of June to October. Specifically, cumulative growth performance of each full-sib family was compared to differences in these climatic variables between maternal county location and paternal county location; differences in these climatic variables between maternal county location and Ingham county (site location of hybrid poplar plantation); and differences in these climatic variables between paternal county location and Ingham county.



2.4. Growth-Climate Analyses: Interannual Scale

Monthly climate data was obtained from the meteorological station (East Lansing 4S, MI2395) nearest to the MSU Sandhill Research Area over the record period of 1953–2009 [28]. However, climate records were interrupted in 2009 leading to many missing values. Consequently, subsequent growth-climate analyses did not include the year 2009. The primary climate variables provided included mean monthly temperature and total monthly precipitation. These primary variables were used as the basis to produce a synthetic monthly climatic moisture index (CMI) variable calculated as precipitation subtract potential evapotranspiration (PET) [34]. Monthly values of PET are primarily a function of mean vapor pressure deficit which in turn is estimated from monthly temperature. Consequently, CMI combines the effects of both precipitation and temperature on soil moisture regimes. Since tree growth may respond more strongly with climatic variables at the seasonal scale, monthly climatic variables were converted to seasonal 3-month periods (temperature variables averaged during 3-month periods, and precipitation and moisture index variables were summed during 3-month periods).

Interannual basal area increment time series for each increment core were standardized to remove age-related trends [19]. Standardization was based on applying a linear, locally weighted regression (Loess) with a neighborhood span equivalent to 10 years using the function ‘loess’ (package STATS) in the program R [35]. The 10-year neighborhood window for determining the LOESS regression estimate for growth of a certain year is the growth in the 10 nearest years. Growth in the years closer to the year of estimate are weighted much heavier than years farther away using a tricubic weighting formula (Venables and Ripley 2002). Each year Basal area index (BAI) was calculated as the ratio of their observed versus predicted values from the Loess model. BAI values derived from the two increment cores of each tree were averaged together then summarized further by determining averages for each full-sib family of P. × smithii. BAI was also averaged for the 7 full-sib families of which P. grandidentata was the maternal component, and similarly, BAI was averaged for the 11 full-sib families for which P. tremuloides was the maternal component. Principal component analysis (PCA) was conducted on a covariance matrix (SYSTAT version 10.2, procedure FACTOR) of the BAI growth chronologies of the 18 full-sib families over the common period shared by all chronologies (1987–2008) [36,37].

The standardized BAI were related to monthly and seasonal climate variables using Pearson correlation analyses. This analysis was conducted over the common 22-year growth period (1987–2008) of all 18 full-sib families of hybrid poplar and included climate variables spanning over two growing seasons to examine the lagged effect of climatic factors (April of the prior year (t−1) to October of the current year (t) of diameter growth). At the 3-month seasonal scale, there is a total of 17 seasonal variables: i.e., April (t−1) to June (t−1), May (t−1) to July (t−1), June (t−1) to August (t−1), and so on, such that the remaining 14 variables are derived by shifting the start and end months of the preceding 3-month variable forward by 1 month.




3. Results


3.1. Full-Sib Family Characteristics

The top three full-sib families of P. × smithii that had the highest DBH, height, basal area and volume were CAL_WEX, LAK_MAR, and BRA_CLA (Table 2). In particular, CAL_WEX had a average per tree DBH of 35.2 cm, basal area of 0.0983 m2, and volume of 0.893 m3. The bottom three full-sib families that had the lowest DBH, basal area, and stem volume were OGE_GLA, MAR_ING, and MAR_CLA2. Furthermore, CAL_WEX had the lowest slenderness coefficient (62.2) while MAR_CLA2 had the highest slenderness coefficient (91.5). There were no significant differences in the growth variables (DBH, height, basal area, volume) between the two groupings based on whether the maternal species was either P. grandidentata or P. tremuloides (all P ≥ 0.05).



3.2. Relationships between growth and geographical variables and climatic normals

Average per tree DBH (r = −0.471), basal area (r = −0.473), and volume (r = −0.487) of full-sib families were significantly negatively correlated with the straight line distance between maternal county and Ingham county (all P < 0.05) (Table 3). In other words, full-sib families with a maternal parent originating from a county close to the site of the study plantation in Ingham county tended to have higher DBH, basal area, and volume. There were no statistically significant relationships between growth variables of full-sib families and the latitudinal distances between maternal and paternal counties, and between maternal and Ingham and paternal and Ingham county locations (all P > 0.05).

Table 3. Pearson correlation coefficients between growth characteristics of 18 full-sib families of hybrid poplar (P. × smithii) and geographical variables.









	Geographical Variables
	DBH (cm)
	Height (m)
	Basal Area (m2)
	Volume (m3)





	a) Straight line distance (km) between counties:
	
	
	
	



	 Maternal and paternal
	−0.110
	−0.166
	−0.112
	−0.128



	 Maternal and Ingham
	−0.471*
	−0.454
	−0.473*
	−0.487*



	 Paternal and Ingham
	0.330
	0.452
	0.301
	0.357



	b) Latitudinal distance (km) between counties:
	
	
	
	



	 Maternal and paternal
	0.155
	0.049
	0.136
	0.105



	 Maternal and Ingham
	−0.202
	−0.074
	−0.226
	−0.218



	 Paternal and Ingham
	0.199
	0.313
	0.169
	0.179





* denotes significant correlation coefficients (P < 0.05).






Cumulative height growth (r = 0.478, P < 0.05) of full-sib families of P. × smithii at the time of plantation sampling was positively correlated with annual mean temperature difference between maternal and paternal county locations (Table 4). DBH (r = 0.518), basal area (r = 0.528), and volume (r = 0.528) of full-sib families were positively correlated to the annual mean temperature difference between maternal and Ingham county locations (all P < 0.05). In contrast, there were no significant relationships between growth of full-sib families and total annual precipitation differences between county locations.

Table 4. Pearson correlation coefficients between growth characteristics of 18 full-sib families of hybrid poplar (P. × smithii) and climatic normal variables (reference period of 1971–2000). Climate variable abbreviations noted at end of table.









	Climate Normal Variables
	DBH (cm)
	Height (m)
	Basal Area (m2)
	Volume (m3)





	a) Annual TAVG difference between counties:
	
	
	
	



	 Maternal and paternal
	0.463
	0.478*
	0.467
	0.485*



	 Maternal and Ingham
	0.518*
	0.459
	0.528*
	0.528*



	 Paternal and Ingham
	−0.337
	−0.408
	−0.335
	−0.365



	b) Annual PPT difference between counties:
	
	
	
	



	 Maternal and paternal
	−0.021
	−0.116
	0.034
	0.046



	 Maternal and Ingham
	−0.074
	−0.206
	−0.014
	−0.013



	 Paternal and Ingham
	−0.118
	−0.191
	−0.117
	−0.145



	c) Growing season TAVG difference between counties:
	
	
	
	



	 Maternal and paternal
	0.472*
	0.501*
	0.476*
	0.501*



	 Maternal and Ingham
	0.500*
	0.453
	0.506*
	0.506*



	 Paternal and Ingham
	−0.359
	−0.444
	−0.361
	−0.400



	d) Growing season PPT difference between counties:
	
	
	
	



	 Maternal and paternal
	0.404
	0.487*
	0.422
	0.500*



	 Maternal and Ingham
	0.431
	0.364
	0.455
	0.470*



	 Paternal and Ingham
	0.092
	−0.044
	0.102
	0.051





Note: * denotes significant correlation coefficients (P < 0.05). Climate variable abbreviations: TAVG = mean temperature; and PPT = total precipitation. Annual climate variables for period of January-December and summer climate variables refer to period of June-October.




DBH, height, basal area, and volume growth variables of full-sib families were significantly positively correlated with the summer mean temperature difference between maternal and paternal county locations (all P < 0.05) (Table 4). Similarly, DBH, basal area, and volume of full-sib families were positively correlated with the summer mean temperature difference between maternal county location and Ingham county (all P < 0.05). Height growth of full-sib families were positively correlated with the summer total precipitation difference between maternal and paternal county locations. Furthermore, volume growth of full-sib families was directly associated with the summer total precipitation difference between both maternal and paternal county locations as well as maternal and Ingham county locations.





3.3. Interannual Growth Chronology Characteristics

The temporal patterns of the basal area index (BAI) growth chronology of all 18 full-sib families of P. × smithii combined indicated that the three lowest years of below-average growth (BAI values < 1) occurred in 1997, 2002, and 2009 (Figure 2). The three highest years of above-average growth (BAI values > 1) occurred in 1994, 2001, and 2006.

Figure 2. Basal area index (BAI) growth chronology of all 18 full-sib families of hybrid poplar (P. × smithii) combined (bold line) and the lower and upper limits of a 95% confidence interval of the mean (thin lines).
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Principal component analysis (PCA) of the 18 full-sib families of P. × smithii indicated that only the percentage of the total variance explained by the first principal component (PC1) (63.5%) was greater than that expected under the broken stick null model (19.4%); consequently, this indicates that PC1 is the only meaningful principal component to interpret [36,37] (Figure 3a). In the broken stick null model, the variance shared among all of the possible principal component axes is represented by a stick of unit length. This unit stick is broken at random into a number of pieces equivalent to the number of principal component axes and this is done a large number of times. The expected value of explained variance for each axis under this null model is equivalent to the relative mean length of the first longest pieces, the second longest pieces, and so on. The BAI growth chronologies of 17 of the 18 full-sib families generally had the same sign and similar magnitude of the their loadings on the PC1 (Figure 3b). The MAR_CLA2 full sib family differed greatly from the other full sib-families by having a slightly negative (−0.001) loading value onto PC1.

Figure 3. Principal component analysis of the basal area index (BAI) growth chronologies of all 18 full-sib families of hybrid poplar (P. × smithii): (a) percentage of the observed total variance explained by each of the first four principal components (PC1-PC4) compared with the expected values from the broken stick null model [36,37]; and (b) loadings of each of the BAI chronologies of the 18 full-sib families onto PC1.
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3.4. Interannual Growth-Climate Relationships

The temporal patterns of the BAI growth chronologies of each 18 full-sib family of P. × smithii generally showed a weak positive relationship to mean monthly temperature (Figure 4a). BAI growth of the full-sib families was most frequently positively associated (4 full-sib families: CAL_WEX, BRA, CLA, MAR_CLA1, and MAR_OAK) with March temperature of the current year (t) with a mean correlation coefficient of (mean r) 0.26. Three full-sib families also responded positively to January temperature (mean r = 0.25). Compared to mean temperature, BAI of the full-sib families generally responded more strongly to precipitation (Figure 4b). Specifically, BAI of 11 full-sib families showed a positive response to October (t) precipitation (mean r = 0.44). The next strongest relationship was a negative association between BAI and December precipitation of the previous year (t−1) for 7 full-sib families (mean r = −0.36).

Figure 4. Pearson’s correlation coefficients between the standardized basal area index (BAI) growth chronologies of 18 full-sib families of hybrid poplar (P. × smithii) with monthly climate variables: (a) mean temperature; and (b) total precipitation. The analysis was conducted from 1987–2008 and spanning two growing seasons from April of the prior year (lag 1 = t−1) to October of the current year (lag 0 = t). Significant (P < 0.05) positive relationships denoted by gray boxes, and significant (P < 0.05) negative relationships indicated by black boxes. The number of significant positive and negative correlation coefficients are shown below each figure with the highest number for each underlined. The mean correlation coefficient for each month is also indicated.
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At the seasonal scale, BAI of the full-sib families responded mainly to the 3 month temperature period ending in May (t−1), but the number of full-sib families responding to this climatic factor did not change (4 families) and the strength of this relationship only slightly increased (mean r = 0.28) (Figure 5a) compared with monthly March (t) temperature (Figure 4a). In contrast to mean temperature, seasonalizing the precipitation variables greatly increased the number of full-sib families (14) that responded to 3 month precipitation amounts ending in September of the previous year (t−1) (Figure 5b). While the number of full-sib families (11) and strength of the positive relationship (mean r = 0.45) to 3 month precipitation amounts ending in October (t) did no change, two families (WEX_BEN and ROS_OAK) went from no response to monthly October (t) precipitation to significant responses to this seasonal precipitation period. The frequency (4 families) and strength of the relationship (mean r = −0.29), however, weakened for responses to 3 month precipitation amounts ending in December (t−1). The full-sib family with the lowest amount of growth (MAR_CLA2) was positively related to 3 month precipitation ending in December (t−1) which is in contrast to the negative relationship to this precipitation period shown in other families (CAL_WEX and IOS_GLA). Responses of BAI of the full-sib families to the Climate Moisture Index (CMI) generally mirrored the responses to precipitation at either the monthly or seasonal scale and are therefore not presented.

Figure 5. Pearson’s correlation coefficients between the standardized basal area index (BAI) growth chronologies of all 18 full-sib families of hybrid poplar (P. × smithii) with seasonal (3 month periods) climate variables: (a) mean temperature; and (b) total precipitation. The analysis was conducted from 1987-2008 and all possible 3 month periods were considered that spanned two growing seasons from April of the prior year (lag 1 = t−1) to October of the current year (lag 0 = t). The monthly abbreviations indicate the month at which a 3 month period ends. Significant (P < 0.05) positive relationships denoted by gray boxes, and significant (P < 0.05) negative relationships indicated by black boxes. The number of significant positive and negative correlation coefficients are shown below each figure with the highest number for each underlined. The mean correlation coefficient for each month is also indicated.



[image: Forests 01 00209 g005 1024]









Responses of the BAI growth chronology of all 18 full-sib families combined indicated a significant positive association with October (t) precipitation; a negative relationship with December (t−1) precipitation; and no significant correlations with any of the monthly temperature variables (Figure 6a) which was revealed in the previous growth-climate analyses (cf. Figure 4). BAI of all 18 full-sib families combined showed significant positive relationships with 3-month precipitation amounts ending in August (t−1), September (t−1), and October (t) (Figure 6b) which was revealed in previous growth-climate analyses (cf. Figure 5). Responses of the BAI growth chronology of full-sib families with either P. grandidentata and P. tremuloides as the maternal parent showed similar relationships to the climatic variables (results not presented) as seen for BAI of all full-sib families combined.

Figure 6. Pearson’s correlation coefficients between the basal area index (BAI) growth chronologies of all 18 full-sib families of hybrid poplar (P. × smithii) combined with (a) monthly and (b) seasonal (3 month periods) climate variables: mean temperature (TAVG) and total precipitation (PPT). Broken lines indicate the threshold for significant correlations at P < 0.05.
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4. Discussion


4.1. Geographical and Environmental Significance of Parental Origin

The results indicated that the full-sib families that had higher levels of productivity (diameter, basal area, and volume) after 28 years of growth since initial plantation establishment in 1982 owed much of their high growth potential to having a maternal parent originating from a county close to the county of plantation establishment of the full-sib family (i.e., Ingham county). In this study, a strong maternal environmental effect was also observed in terms of the effect of environmental conditions (annual and summer temperature and summer precipitation) of maternal county origin (relative to the plantation site) on family productivity. Maternal environmental effects have been reported for plants in general [38,39,40] and trees in particular [41,42,43]. In a greenhouse study, Reighard and Hanover [44] reported a maternal effect on stem to root ratios of P. × smithii. It has been hypothesized that the maternal effect acts partially through conferring on progeny the same phenological growth pattern as the mother [41,43]. Under this hypothesis, full-sib families with a mother originating far away from the planting site location would be expected to be phenologically mismatched for growth at that planting site. Namely, in the present study, it is speculated that full-sib families with a mother originating farther north from the planting site location are displaying earlier growth termination than their full-sib family counterparts with mothers originating closer to the plantation site location.

Geographic distance between counties of parents had no significant effect on measures of productivity (diameter, height, basal area, and volume) which was also confirmed by the study of Reighard and Hanover [27] on biomass patterns of different full-sib families of P. × smithii. Full-sib families did however show higher productivity, and thus suggesting better adaptation, to the plantation site when the maternal parent originated from a county that was warmer (annual and summer) or had higher summer moisture than environmental conditions of paternal county location.

Identity of the maternal parent (P. tremuloides versus P. grandidentata) did not affect overall cumulative growth in any of the growth parameters. Furthermore, identity of the maternal parent did not effect responses of interannual basal area growth patterns to climatic factors. In contrast, a prior greenhouse study indicated that interspecific hybrids in which the maternal parent was P. tremuloides generally grew taller than hybrids in which P. grandidentata was the maternal parent [44].



4.2. Interannual Growth-Climate Relationships

Principal component analysis (PCA) indicated that there was strong common variance (63.5% growth variance captured by the first principal component) shared by the interannual patterns of basal area growth of 17 of the 18 full-sib families. However, the slowest growing full-sib family (MAR_CLA2) differed from the other families likely because of strong within stand competition related effects (suggested by the high slenderness coefficient) that affected interannual variations in basal area growth. Nonetheless, the high proportion of variance explained by the first principal component indicates that growth for most of the full-sib families is being affected by a common external environmental factor (i.e., climate).

Dendrochronological analyses of growth-climate relationships indicated that precipitation had a greater impact on interannual growth patterns of full-sib families of P. × smithii than did temperature variables. In particular, the direct association of basal area growth of 14 out of 18 full-sib families to 3 month precipitation amounts ending in September of year prior to (t−1) ring formation indicated that growth was affected by moisture stress in this seasonal window (Figure 5b). The lagged effect of late summer precipitation in the year prior to growth has also been noted in P. tremuloides in northeastern British Columbia, Canada [21] and in the eastern Canadian boreal forest in the provinces of Ontario and Quebec [22]. This strong lagged effect of past precipitation amounts on diameter growth in the following growing season is likely due to a number of possible ecophysiological mechanisms. First, it is generally understood that favorable climatic conditions in late summer and early fall promote excess carbon production which is allocated to the accumulation of carbohydrate storage reserves in poplars in storage tissues such as roots, stems, and branches [45,46,47,48]. Carbohydrate reserves generally build up in late summer and reach their highest levels in the fall and are then depleted in the spring of the following growing season as these reserves are used to drive initial tree growth [47,49]. Consequently, low precipitation in late summer and early fall can thus limit the degree of carbohydrate reserve accumulation which in turn would limit the amount of reserves to drive diameter growth in the following growing season.

Some foliage of hybrid poplars arises from a determinate growth pattern particularly in short shoots commonly located near the tree crown base [47,50]. Therefore, a second possible ecophysiologically based explanation for the lagged effect of precipitation is that leaf primordia are generally formed in tree buds in the year prior to ring formation. Low precipitation levels would likely limit the number of leaf primordia produced and thereby curtail the amount of leaf area produced in the following growing season in the year of bud expansion.

The effect of moisture on interannual basal area growth was also present in the year of ring formation (t). Basal area growth was directly associated with monthly precipitation in October (t) (Figure 4b) and in 3 month precipitation amounts ending in October (t) (Figure 5b) in 11 out of 18 full-sib families of P. × smitthii. These results suggest that basal area growth is strongly affected by the length of the growing season since greater precipitation in late summer and early fall was associated with greater growth. Precipitation amounts in the current year can effect the degree of leaf expansion of leaf primordia produced during bud set at the end of the prior growing season (determinate foliage development). Furthermore, hybrid poplars are generally known for producing more indeterminate foliage from long shoot regions of the upper crown [47]. Water stress during the current year can limit the amount of leaf area development of indeterminate foliage development. Furthermore, the effect of drought stress in either the prior year or current year of ring formation can negatively impact growth by increasing the likelihood of xylem cavitation which is the blockage of these water conducting tissues with air thus forming embolisms [47,51].

Although diameter growth is most active in the summer (June and July), diameter growth of poplar and hybrid poplar clones in Washington state continued into October [52] and November [53]. Furthermore, growth of hybrid poplar (P. tremula × P. tremuloides) in Finland continued into early and mid October [54] and into November for P. × canadensis Moench in Italy [55]. The results in the current study thus indirectly suggest that the phenology of many of the full-sib families in southern Michigan continue diameter growth into the fall (i.e., October) but further studies are required to confirm the phenology of diameter growth in these full-sib families of P. × smithii.

The impact of moisture stress was also underscored by the fact that the lowest decrease in growth was observed in 1997 in the BAI growth chronology for all full-sib families combined and this year corresponded with the 1997 to 1998 El-Niño event [56]. El-Niño events are generally associated with summer drought stress conditions in North America [57].

The next climatic factor that impacted growth was the negative influence of winter precipitation (monthly December precipitation) in 7 out of the 18 full-sib families of P. × smithii. The effect of winter precipitation appeared to affect the full-sib families with generally larger cumulative sizes. It is postulated that there is a tradeoff between large tree size and increased likelihood of crown breakage from high mechanical loads resulting from high winter precipitation levels [58]. Damaged crowns would likely receive higher priority for carbohydrate allocation in the subsequent growing season which in turn would limit the amount of food resources for diameter growth which generally receives lower priority for carbohydrate allocation [46]. By damaging tree crowns, high winter precipitation levels may also increase the risk of winter desiccation injury [46,59]. It is interesting that the slowest growing full-sib family with parents originating from Marquette and Clare (MAR_CLA2) showed a positive relation to 3 month precipitation amounts ending in December (Figure 5b). It is speculated that this result suggests that the most competitively impacted full-sib family likely benefits from crown breakup of more dominant trees in the plantation stand.

While interannual basal area growth of full-sib families generally showed a very weak response to temperature variables, the most notable response was a positive response in 4 out of 18 families to March mean monthly temperature (Figure 4a) or 3 month mean temperature ending in May (t) (Figure 5a). These results suggested that growth in these full-sib families was generally controlled by the timing of the start of the growing season. Bud break and cambial reactivation in tree species is generally controlled by accumulated heat sums in the spring [60]. Zalesny et al. [10] determined that belowground temperature heat sums was an influential factor controlling rooting of hybrid poplar clones in early spring in the Midwestern United States.




5. Conclusions

This study indicated that maternal environmental effects plays a key role on subsequent productivity and adaptation of hybrid poplar progeny at the plantation site. Full-sib families had higher productivity if they had a maternal parent originating from a county that was close to or had higher temperature (annual and summer) and summer precipitation than corresponding parameters of the planting site. Most of the full-sib families (17 out of 18) shared a large degree of common interannual growth variation indicated by principal components analysis which suggested a strong external environmental forcing. Dendrochronological analyses of growth-climate relationships confirmed that the hybrid poplars are drought sensitive during late summer and fall of both the current or previous growing season.
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